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Foreword 


This  is  a compilation  of  abstracts  of  reports  from  Principal  Investigators  of  NASA  s Office 
of  Space  Science  and  Applications,  Solar  System  Exploration  Division,  Planetary  Geology 
and  Geophysics  Program. 

The  purpose  of  this  publication  is  to  document  in  summary  form  research  work  conducted 
in  this  program  over  the  past  year  (1988).  Each  report  reflects  significant  accomplishments 
within  the  area  of  the  author’s  funded  grant  or  contract. 

No  attempt  has  been  made  to  introduce  editorial  or  stylistic  uniformity;  on  the  contrary , the 
style  of  each  report  is  that  of  the  Principal  Investigator  and  may  best  portray  his  research. 
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CHAPTER  1 


VENUS 


BASIC  ASSEMBLAGES  OF  GEOLOGIC  UNITS  IN  THE  VENUS  NORTHERN  HEMISPHERE 
J.  W.  Head,  Dept.  Geological  Sciences,  Brown  University,  Providence,  R.  I.  02912 

The  Venera  15/16  missions  provided  altimetry  and  high  resolution  images  of  the  northern 
20%  of  the  surface  of  Venus  and  this  complemented  moderate  resolution  altimetry  coverage  and 
permitted  the  detailed  geologic  mapping  and  analysis^  of  a portion  of  Venus  previously  viewed  at 
lower  resolution  by  Pioneer  Venus.  The  detailed  geologic  map1(Fig.  1)  outlines  the  distribution  of 
geologic  units,  tectonic  structure,  and  the  distribution  of  craters  of  impact  origin,  permitting  an 
estimate  of  the  average  age  of  the  mapped  area  of  about  one  billion  years  1 . Approximately  70 
percent  of  the  mapped  area  is  dominated  by  plains  of  apparent  volcanic  origin,  while  units  of 
tectonic  origin  make  up  less  than  30  percent.  Examination  of  the  distribution  of  geologic  units 
shows  that  they  do  not  occur  randomly.  On  the  basis  of  the  areal  distribution  of  geologic  units, 
six  basic  assemblages  can  be  defined  (Fig.  1),  where  an  assemblage  is  a region  of  the  planet 
characterized  by  the  dominance  of  single  types  of  units  (for  example,  different  plains  units),  or 
the  association  of  several  units  (for  example,  plains  and  corona),  in  a manner  different  than 
adjacent  terrain. 

The  six  assemblages  are  characterized  by  distinctive  and  differing  geological  and  tectonic 
styles  as  follows:  Plains  Assemblage-  dominated  by  lowland  smooth  plains  and  lowland  rolling 
plains  interpreted  to  be  of  volcanic  origin;  Plains-Corona  Assemblage-  dominated  by  lowland 
smooth  plains  and  lowland  rolling  plains  interpreted  to  be  of  volcanic  origin,  at  least  ten  coronae 
structures  concentrated  in  the  northern  half  of  the  region,  and  at  least  five  large  volcanoes, 
generally  concentrated  in  the  southern  and  western  half  of  the  regio;  Plains-Ridae  Belt 
Assemblage-  dominated  by  lowland  smooth  plains  and  lesser  amounts  of  lowland  rolling  plains, 
major  occurrences  of  ridge  belts,  and  very  minor  and  patchy  occurrences  of  tessera;  HlflinSi 
Corona-Tessera  Assemblage-  dominated  by  approximately  equal  amounts  of  lowland  smooth 
plains  and  lowland  rolling  plains,  at  least  five  coronae  concentrated  in  the  northern  part  of  the 
region,  a small  number  of  volcanoes,  also  in  the  the  northern  part  of  the  region,  and  numerous 
small  patches  of  tessera  scattered  throughout  the  region;  Tessera-Ridae  Belt  Assemblaas- 
dominated  by  a few  large  patches  (Fortuna,  Laima,  Tellus)  and  several  smaller  patches  (Dekla, 
Meni)  of  tessera,  ridge  belts  generally  arrayed  in  an  angular  and  often  orthogonal  pattern 
different  than  the  fan-shaped  pattern  of  the  Plains-Ridge  Belt  Assemblage,  lowland  rolling  plains 
and  lesser  amounts  of  lowland  smooth  plains,  and  an  upland  rise  (Bell  Regio);  Tessera-Mountain 
Belt  Assemblage-  centered  on  the  two  volcanoes  Colette  and  Sacajawea  in  Lakshmi  Planum,  and 
characterized  by  surrounding  terrain  types  of  mountain  belt/tessera  pairs,  with  the  tessera  on 
the  outboard  side:  Danu  (S),  Akna  (W),  Freyja  (N),  and  Maxwell  Montes  (E). 

These  assemblages  show  that  the  dominant  surface  geological  processes  differ  markedly  from 
region  to  region  on  Venus  and  that  the  assemblages  can  be  characterized  in  a tectonic  sense  as 
having  been  formed  by  either  predominantly  horizontally  directed  deformational  forces  (Plains- 
Ridge  Belt;  Tessera-Mountina  Belt)  or  predominantly  vertically  directed  deformational  forces 
(coronae  and  domal  uplifts  in  the  Plains-Corona  and  Plains-Corona-Tessera  assemblages).  These 
characteristics  and  relationships  indicate  that  the  tectonic  style  of  Venus2  is  not  dominated  by 
one  style  of  activity,  movement,  or  deformation,  but  contains  elements  of  several  styles.  These 
include:  1)  thermal  uplift  and  vertical  motion  possibly  related  to  hot  spots  or  mantle  plumes  at 
several  different  scales2  as  seen  in  the  domal  uplifts,  coronae,  and  volcanoes;  2)  regional  lateral 
motion  including  extension  and  compression  at  a range  of  scales^  as  seen  in  the  ridge  belts,  rifts, 
mountain  belts,  and  in  the  more  highly  deformed  tessera,  and  3)  gravitational  relaxations  as  seen 
in  local  areas  around  coronae  and  possibly  in  the  tessera. 

The  Tessera-Mountain  Belt  Assemblage  has  the  highest  crater  density,  and  the  Plains-Ridge 
Belt  Assemblage  the  lowest.  Some  assemblages  may  be  related  to  each  other  in  terms  of  tectonic 
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style  and  deformation.  The  detailed  origin  and  relationships  of  the  assemblages  is  unclear, 
however,  primarily  because  there  is  at  present  no  concensus  on  the  origin  of  several  of  the 
major  geologic  units  (e.g.,  ridge  belts,  tessera).  Additional  insight  into  the  significance  and 
lateral  extent  of  these  assemblages  will  come  from  linking  analyses  of  the  equatorial  region6  to 
the  characteristics  of  the  northern  mid-to-high  latitudes  and  from  the  high  resolution  global 
coverage  of  the  Magellan  mission. 

References:  1 ) V.  Barsukov  et  al.  (1986)  JGR.  91,  D378;  A.  Basilevsky  et  al.  (1986),  JGR.  91, 
D399;  B.  Ivanov  et  al.  (1986)  JGR.  91,  D413;  V.  Barsukov  and  A.  Basilevsky  (1986)  Priroda. 
24.  2)  S.  Solomon  and  J.  Head  (1982)  JGR.  87,  9236.  3)  P.  Morgan  and  R.  Phillips  (1983)  JGR. 
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Figure  1.  Geologic/morphologic  map  of  the  Venera  15/16  region1  with  Assemblage  boundaries 
marked  by  superposed  heavy  black  lines.  1 (lowland  smooth  plains);  2 (lowland  rolling  plains), 
3 (highland  plains);  4 (mountain  belts);  5 (ridge  belts);  6 (tesserae);  7 (dome  uplifts); 

8 (volcanoes);  9 (coronae);  10  (faults);  11  (impact  craters);  12  (arachnoids). 
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MORPHOLOGIES  OF  TEN  VENUSIAN  SHIELDS  BETWEEN  LAT  30°  AND  90°  N. 

G.G.  Schaber  and  R.C.  Kozak,  U.S.  Geological  Survey,  Flagstaff,  AZ  86001. 

The  gross  morphologies  of  ten  Venusian  shields  greater  than  250  km  in 
basal  diameter  between  1 at  30°  and  90°  N.  have  been  determined  from  Venera 
15/16  data  (Fig.  1,  Table  1).  Nine  of  these  shields  have  been  previously 

identified  and  formally  named  [1].  "Bachue"  (informal  name),  located  on  the 
south  rim  of  Bachue  Coronae  in  Metis  Regio,  was  identified  from  a synthetic 
stereopair  [2]  produced  from  Venera  datafiles  (Fig.  2).  As  shown  in  Fig.  1 
and  Table  1,  nine  of  the  shields  have  extremely  low  heights  (0.7  to  2.3  km) 
despite  large  basal  diameters  (253  to  782  km).  Tepev  Mons  in  western  Bell 
Regio  is  the  notable  exception;  its  slopes  are  1.4  to  3.8  times  steeper  than 
those  on  Renpet  and  Sekmet  Montes  and  6.4  to  22.5  times  steeper  than  those  on 
the  seven  remaining  shields.  It  was  suggested  by  Janie  et  al.  [3]  that  the 
Bell  Regio  upland  may  be  only  a few  hundred  million  years  old,  and  they 

hypothesized  the  presence  of  a supportive  elastic  lithosphere  30  to  100  km 
thick  on  the  basis  of  their  analysis  of  bending  flexure  associated  with  the 
ring  moat  (depression)  surrounding  Tepev  Mons.  The  low  aspect  ratios  of  the 
other  nine  shields  are  likely  due  to  lithosphere  that  is  locally  more 

thermally  weakened  and  thinner  than  found  at  Bell  Regio. 

Six  of  the  Venusian  shields  equal  or  surpass  the  total  volume  of  the 
Hawaiian  shield,  however,  none  approach  the  volumes  of  Olympus,  Arsia, 
Pavonis,  Ascraeus,  and  Elysium  Montes  (Table  1).  "Bachue"  is  34.5  times  more 
voluminous  than  the  Hawaiian  shield  but  9 times  less  voluminous  than  Olympus 
Mons.  The  volume  of  Tepev  is  approximately  the  same  as  that  of  the  Hawaiian 
shield;  however,  its  aspect  ratio  indicates  an  edifice  that  is  about  twice  as 
flat  in  profile  as  Hawaii  and  Olympus,  Ascraeus,  and  Elysium  Montes.  The 

Venusian  shields  (with  the  exception  of  Tepev  Mons)  have  aspect  ratios  similar 
to  Syrtis  Major  and  Tyrrhena,  Hadrica,  and  Alba  Paterae  on  Mars.  The  initial 

style  of  volcanism  at  several  of  these  Martian  highland  volcanic  centers  has 

been  attributed  to  volatile-rich  magmatic  (and/or  hydromagmatic)  eruptions, 
which  resulted  in  extensive  pyroclastic  ash  plains  surrounding  a slightly 
younger  low  lava  shield  [4,5].  However,  the  congruency  in  aspect  ratio 

between  the  highland  paterae  on  Mars  and  the  major  Venusian  shields  is 
certainly  not  sufficient  evidence  to  infer  similar  volcanic  histories. 

The  presence  of  large  depressions  (paterae)  near  the  summits  of  Sacajawea 
and  Colette  on  Lakshmi  Planum  may  suggest  the  possibility  of  regional 

explosive  volcanic  activity  (despite  the  high  surface  pressure)  and  subsequent 
caldera  collapse.  Such  activity  could  be  associated  with  rapid  exsolution  of 
anomalously  high  levels  of  volatiles  (>2-3  percent;  [6]);  alternatively, 
caldera  collapse  may  have  following  an  extended  period  of  quiet  lava 
eruptions.  The  paterae  in  Sacajawea  and  Colette  extend,  respectively,  0.7  and 
1.4  km  below  the  planum  surface,  and  they  may  indicate  the  depth  to  the  tops 
of  high  level  magma  chambers  into  which  the  calderas  collapsed. 
Acknowledgements:  Support  to  the  U.S.  Geological  Survey  was  provided  by  the 

NASA  Planetary  Geology/Geophysics  Program  under  Contract  W-15,814. 

References:  [1]  Masursky,  Harold  and  nine  others  (1986)  Annual  Gazetteer  of 

Planetary  Nomenclature,  U.S.  Geol.  Surv.  Open-file  Rept.  84-692;  [2]  Kozak, 
R.C.  and  Schaber,  G.G.  (1988)  Lunar  and  Planet.  Sci.  XIX,  643-644;  [3]  Janie, 
P.,  Jannsen,  D. , and  Basilevsky,  A.T.  (1988)  Earth,  Moon,  and  Planets,  41, 
127-139;  [4]  Mouginus-Mark , P.J.,  Wilson,  L.,  and  Zimbelman,  J.R.,  (1989) 
Bull.  Volcanology,  50,  6,  361-379;  [5]  Greeley,  Ronald,  and  Spudis,  P.D. 

(1981)  Rev.  (ieophys.  and  Space  Phys.,  19,  1,  13-41;  [6]  Head,  J.W.  and  Wilson, 
Lionel  (1986)  :J..  Geophy.s*  Res.,  91,  B9,  9407-9446;  [7]  Wu,  S.S.C.  and  four 
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TABLE  1 - MORPHOLOGIC  ELEMENTS  ON  SELECTED  SHIELDS  ON  VENUS,  MARS,  AND  EARTH 
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CHARACTERISTICS  AND  GEOLOGIC/TERRAIN  ASSOCIATIONS  OF  SMALL 


DOME-LIKE  HILLS  ON  VENUS 

J.  C.  Aubele,  Dept,  of  Geological  Sciences,  Brown  University,  Providence,  R.I.  02912 


Introduction.  Approximately  22,000  small  dome-like  hills  have  been  recognized  on  the  northern  20%  of 
the  surface  of  Venus  imaged  by  Venera  15/16.  These  features  have  been  described  [1]  as  generally  circular 
in  planimetric  outline,  with  a range  in  basal  diameter  from  the  effective  resolution  of  the  Venera  images 
(1-2km)  up  to  20  km. 

General  Characteristics.  The  small  hills  have  been  called  domes  [1,2]  following  the  lunar  nomencla- 
ture, because  of  their  broad  apparent  form.  The  nomenclature  used  here,  "small  dome-like  hills’  , is 
preferred  because  of  the  strict  volcanological  definition  of  a dome  and  terrestrial  lithologic  connotations. 

Based  on  constraints  on  the  appearance  of  features  imaged  by  this  radar  system,  individual  slopes  are  less 
than  10°.  Assuming  these  slopes,  simple  geometric  models  imply  maximum  height  of  approximately  1 km, 
and  average  height  less  'han  1 km.  Recent  radar-clinometric  data  confirms  these  estimates  [3].  Most  of  the 
small  dome-like  hills  show  no  individually  associated  features;  however,  a small  number  exhibit  summit  pits, 
bright  aureoles,  low  basal  platforms  extending  beyond  the  basal  diameter  of  the  dome,  and  radial  or  lobe-like 
bright  features  interpreted  to  be  volcanic  flows.  Summit  pits  are  occasionally  observed  in  dome-like  hills  lar- 
ger in  basal  diameter  than  8 km,  and  more  frequently  in  ones  larger  than  15  km.  Bright  circular  aureoles, 
without  apparent  topographic  relief,  appear  to  be  associated  with  small  dome-like  hills  northeast  of  Atalanta 
Planitia.  Low  basal  platforms  and  bright  features  interpreted  to  be  volcanic  flows  are  rare  but  do  occur  in  a 
few  cases. 


Dome  Distribution.  Slyuta,  et  al  [2,4]  have  produced  dome  density  contour  maps  and  find  that  most 
dome-like  hills  occur  in  groups  of  several  tens  within  areas  of  103  km*.  Adjacent  groups  form  clusters  con- 
sisting of  10-20  groups  within  areas  of  10*  km*.  The  greatest  concentration  of  clusters  of  dome-like  hills  oc- 
curs in  the  general  area  of  60°N,  120°E.  The  outline  of  this  region  of  cluster  concentration  generally  cor- 
responds to  the  Plain s-Corona-Tessera  Assemblage  described  by  Head  [10].  Major  concentrations  of  clus- 
ters [2]  are  located  in  Tethus  Regio  (65°N,  IIO^E),  Atalanta  Planitia  (60°N,  155°E) , Ananke  Tessera 
(55°N138°E),  and  Akkruva  Colles  (from  Niobe  Planitia,  35°N,  130°E,  to  Allat  Dorsa,  65  N.70  E). 
Topographic  Association.  The  cluster  concentrations  in  Tethus.  Ananke  and  Akkruva  are  associated 
with  broad  regional  topographic  highs.  However,  many  small  groups  or  clusters  of  groups  occur  on  low  plains 
or  inside  circular  depressions  and  the  cluster  concentration  in  Atalanta  occurs  in  the  general  area  of  the 
topographically  lowest  region  of  Venus, 

Terrain  Unit  Association.  Almost  all  of  the  areas  of  cluster  concentration  occur  on  mottled  plains  units 
designated  as  "rolling  plains"  interpreted  to  be  of  volcanic  origin  [5,10].  Major  clusters  frequently  occur  on 
such  plains  units  at  the  margins  of  areas  of  tessera,  while  very  small  groups  occasionally  occur  in  intra-tes- 
sera plains  near  the  margins  of  large  tessera  units.  Smaller  cluster  concentrations  occur  in  regions  of 
predominant  arachnoids,  in  the  area  between  Sedna  Planitia  and  Bell  Regio  and  in  the  area  south  of  the  ridge 
belt  province  at  40°N,215°E;  and  also  occur  at  the  northern  end  of  Beta  Regio  (the  only  portion  of  this  area 
imaged  by  Venera) . No  major  concentrations  of  dome-like  hills  occur  in  areas  of  predominant  ridge-belts  or  in 
the  Mnemosyne  area  of  predominant  coronae,  although  very  small  groups  and  isolated  dome-like  hills  occur 
associated  with  both  of  these  types  of  geologic  features. 
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Regional  and  Global  Structure  Association,  as  stated  previously,  major  cluster  concentrations 

ot  small  dome-like  hills  are  associated  with  the  margins  of  tessera.  A small  number  of  dome-like  hills  oc- 
casionally occur  at  the  ends  of  linear  ridge  belts.  Individual  groups  of  dome-like  hills  exhibit  occasional  minor 
alignments  but,  in  most  cases,  there  is  no  dominant  trend  direction.  The  general  area  of  cluster  concentra- 
tion in  Akkruva  Codes,  northeast  of  Niobe  Planitia  exhibits  an  overall  NW-SE  alignment.  This  zone,  an  area  of 
topographic  relief,  is  also  the  area  of  a linear  positive  gravity  anomaly  [4],  Although  domes  occur  on  the 
plains  to  the  north  and  south  of  Ishtar  Terra,  Lakshmi  Planum  and  the  horizontal  compressional  fold  belts  |6] 
of  Akna  and  Freyja  Montes  exhibit  one  of  the  lowest  densities  of  small  dome-like  hills  on  Venus. 

Geologic  Feature  Association.  Small  groups  of  dome-like  hills  always  appear  to  be  associated  with 
the  following  specific  geologic  features:  coronae,  arachnoids,  intermediate  (20-50  km)  sized  hills  interpreted 
to  be  volcanic  constructs,  large  volcanic  centers  and  calderas,  and  large  circular  features  of  uncertain  origin. 
Coronae.  Groups  of  dome-like  hills  (10-15  km  diameter)  occur  predominantly  inside  the  annular  concentric 
ridges  of  coronae,  while  smaller  groups  occur  on  the  surrounding  plains.  Flow-like  features  and  domes  in  the 
interior  of  corona  structures  have  been  previously  interpreted  as  evidence  of  volcanic  activity  occuring  at 
various  times  throughout  the  evolution  of  the  coronae  [7], 

Arachnoids.  Arachnoids  occur  in  clusters  in  lowland  regions;  and  have  been  described  as  characterized  by 
central  domes"  (<10  to  over  30  km  in  diameter,  commonly  with  central  pits)  surrounded  by  rings  and  linear 
features  interpreted  to  be  tectonic  in  origin  [8],  The  central  domes  have  been  interpreted  to  be  volcanic  in 
origin  [8],  Groups  of  small  dome-like  hills  occur  on  the  plains  surrounding  and  between  adjacent  arachnoids. 
Intermediate  and  Large  Volcanic  Centers.  A few  intermediate  sized  hills,  commonly  exhibiting  summit 
pits  and  associated  radial  or  lobate  flow  features,  and  interpreted  to  be  small  volcanic  constructs,  are 
generally  found  to  be  spatially  associated  with  groups  of  small  dome-like  hills.  These  intermediate  sized  fea- 
tures are  fewer  in  absolute  number  than  the  small  dome-like  hills  and  generally  occur  as  isolated  features 
scattered  on  plains  units  near  groups  or  clusters  of  small  dome-like  hills.  Groups  and  clusters  of  groups  of 
small  dome-like  hills  occur  predominantly  on  the  lower  flanks,  or  beyond  the  distal  edges,  of  the  bright  radial 
markings  associated  with  large  volcanic  centers.  This  may  imply  that  the  spatially  associated  small  dome-like 
hills  pre-date  final  volcanic  eruptions  at  these  centers,  or  they  may  be  difficult  to  identify  in  radar  images  on 
the,  presumably,  rough  volcanic  flows.  Very  few  isolated  domes  occur  on  Lakshmi  Planum,  with  small 
groups  occurring  on  the  rims  and  periphery  of  the  calderas,  Collette  and  Sacajawea  [9], 

Circular  Features.  Small  groups  of  dome-like  hills  generally  occur  within  large  circular  features  of  uncertain 
origin,  particularly  where  the  interior  is  lower  in  topographic  elevation  than  is  the  surrounding  plain. 

Summary  and  Interpretation . The  major  cluster  concentrations  of  small  dome-like  hills  on  Venus 
occur  on  rolling  plains  units  interpreted  to  be  volcanic,  primarily  around  the  margins  of  tessera  terrain.  Minor 
cluster  concentrations  occur  in  areas  of  predominant  arachnoids.  Small  groups  of  dome-like  hills  always  occur 
in  association  with  the  following  individual  geologic  features:  coronae,  arachnoids,  intermediate  (20-50  km) 
sized  hills  interpreted  to  be  volcanic  constructs,  large  volcanic  centers  and  calderas,  and  large  circular  fea- 
tures of  uncertain  origin.  There  appears  to  be  a dominant  association  of  small  dome-like  hills  with  geologic 
features  generally  interpreted  to  be  volcanic  in  origin.  An  exception  to  this  association  is  in  the  Lakshmi 
Planum  (volcanic  plains)  area,  where  there  are  a small  number  of  dome-like  hills.  Altitude  and  crustal  thick- 
ness are  two  potential  distinguishing  characteristics  of  this  area.  The  existence  of  small  dome-like  hills  (<20 
km),  intermediate  sized  volcanic  constructs  (20-50  km),  and  large  volcanic  centers  implies  a continuum  of 
volcanic  edifices  grading  from  less  than  2 km  to  more  than  100  km  in  diameter.  The  intermediate  volcanic 
constructs  may  simply  represent  gradational  diameters  between  the  small  dome-like  hills  and  the  large  vol- 
canic centers,  and  need  not  represent  differences  in  eruptive  style.  There  is  a distinct  distribution  of  number 
versus  size  range  such  that  the  number  of  edifices  increases  as  the  size  decreases.  This  type  of  distribution 
is  similar  to  that  observed  for  volcanic  edifices  on  Earth,  both  continental  and  oceanic.  Detailed  terrain, 
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geologic  and  structural  associations  for  the  four  major  areas  of  cluster  concentration  are  currently  in  progress. 
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GEOLOGY  OF  SOUTHERN  GUINEVERE  PLANITIA,  VENUS,  BASED  ON 
ANALYSES  OF  GOLDSTONE  RADAR  DATA 

R.  E.  Arvidson.  J.  J.  Plai.it.  McDonnell  Center  lor  the  Space  Sciences.  Department  of 
Earth  and  Planetary  Sciences.  Washington  University.  St.  Louis.  Missouri  63130.  R. 
F.  Jurgens.  R.  S.  Saunders.  M.  A.  Slade.  Jet  Propulsion  Laboratory.  Pasadena. 
California  91  103 


The  ensemble  of  forty-one  backseatter  images  of  Venus  acquired  by  the  S Band 
(12.6  cm)  Goldstone  radar  system  covers  approximately  35  million  square  kilometers 
and  includes  the  equatorial  portion  of  Guinevere  Planitia.  Navka  Planitia.  Heng-0 
Chasma.  and  Tinatin  Planitia.  and  parts  of  Devana  Chasma  and  Phoebe  Regio.  The 
images  and  associated  altimetry  data  combine  relatively  high  spatial  resolution  (I  to  10 
km)  with  small  incidence  angles  (less  than  10  degrees)  for  regions  not  covered  by  either 
Venera  Orbiter  or  Areeibo  radar  data.  Systematic  analyses  of  the  Goldstone  data  show 
that,  (a)  Volcanic  plains  dominate,  including  groups  of  small  volcanic  constructs,  radar 
bright  flows  on  a NW-SE  arm  ol  Phoebe  Regio  and  on  Ushas  Mons  and  circular 
volcano-tectonic  depressions.  The  radar  bright,  flow-like  features  have  length  scales 
similar  to  those  seen  in  Venera  Orbiter  and  Areeibo  data  covering  Sedna  Planitia.  The 
relative  abundance  of  volcanic  features  is  similar  to  that  found  in  Venera  radar  images 
in  northern  Guinevere  Planitia  and  in  Sedna  Planitia:  (b)  Some  of  the  regions  imaged 
by  Goldstone  have  high  radar  cross  sections,  including  the  flows  on  Ushas  Mons  and 
the  NW-SE  arm  of  Phoebe  Regio.  and  several  other  unnamed  hills,  ridged  terrains,  and 
plains  areas.  While  some  of  the  high  returns  are  probably  associated  with  surfaces 
tilted  toward  the  radar  nadir,  other  regions  with  high  cross  sections  are  not  associated 
with  obvious  topography  and  retain  high  values  over  a range  of  incidence  angles. 
These  areas  expose  materials  with  high  dielectric  constants.  The  global  trend  observed 
in  Pioneer- Venus  data,  where  higher  elevations  are  found  to  preferentially  expose  such 
materials,  may  be  because  higher  elevations  are  simply  sites  of  vigorous  volcanism  and 
thus  maximum  exposure  of  these  materials:  (c)  A 1000  km  diameter  multiringed 
structure  is  observed  and  appears  to  have  a morphology  not  observed  in  Venera  data. 
The  northern  section  corresponds  to  Heng-0  Chasma:  (d)  A 150  km  wide.  2 km  deep. 
1400  km  long  rift  valley  with  upturned  flanks  is  located  on  the  western  flank  of  Phoebe 
Regio  and  extends  into  Devana  Chasma.  The  floor  has  low  backseatter  values.  At  the 
low  incidence  angles  for  Goldstone  observations,  backseatter  is  controlled  by  quasi- 
specular  reflections  and  low  returns  correspond  to  surfaces  that  are  rough  at  length 
scales  many  times  the  radar  wavelength.  Thus,  rifting  processes,  associated  volcanism. 
and  perhaps  mass  wasting  seem  to  be  ongoing  processes  that  continue  to  generate 
rough  topography:  (e)  Ridge  belts  can  be  discerned  in  the  Goldstone  data,  mainly 
trending  NW-SE  and  NE-SW.  directions  similar  to  those  discerned  in  Pioneer- Venus 
topography  throughout  the  equatorial  region.  The  ridge  belt  and  topographic 
orientations  suggest  deformation  due  to  a large-scale  stress  system.  For  example,  with 
an  appropriately  thin  lithosphere,  equatorial  to  mid  latitude  strike-slip  faulting  may 
have  occurred  as  the  planet's  equatorial  bulge  relaxed  as  the  spin  rate  slowed  to  its 
present  value:  and  (f)  The  abundance  ol  circular  and  impact  features  is  similar  to  the 
plains  global  average  defined  from  Venera  and  Areeibo  data,  implying  that  the  terrain 
imaged  by  Goldstone  has  typical  crater  retention  ages,  measured  in  hundreds  of 
millions  of  years.  The  rate  of  resurfacing  is  <4  km/Ga. 
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Clotho  Tessera,  Venus:  A fragment  of  Fortuna  Tessera?? 

Richard  C.  Kozak  and  G.G.  Schaber,  U.S.  Geological  Survey,  Flagstaff,  AZ  86001 


Clotho  Tessera,  adjacent  to  southeast  Lakshmi  Planum,  may  provide 
additional  evidence  for  lateral  crustal  motions,  and  a model  for  the  origin  of 
small  tessera  fragments. 

Clotho  Tessera  and  Lakshmi  Planum  are  so  noticeably  different,  and  in 
such  close  proximity,  it  is  difficult  to  derive  a reasonable  model  of  their 
formation  in  situ.  Squeezing  of  material  out  from  beneath  Lakshmi  has  been 
suggested  as  an  origin  for  Moira  Tessera  [1],  which  is  also  adjacent  to 
Lakshmi  and  1400  km  west  of  Clotho.  However,  a logical  model  of  juxtaposition 
of  the  two  different  terrains,  originally  from  points  once  distant,  can  be 
made  for  Clotho  and  Lakshmi  (and  perhaps  other  small  tesserae  as  well). 

The  4.5-km-high  Danu  Montes  between  Clotho  and  Lakshmi  clearly  indicate 
convergence.  Parallel  to  the  WSW  trend  of  the  Danu  mountain  belt  is  a 
distinct  lineament,  across  which  the  character  of  the  terrain  changes  (in  some 
places  radically),  and  the  tessera  ridges  appear  deflected.  The  deflection  of 
ridges  along  a 50-km  segment  of  this  Danu  lineament  suggests  drag  caused  by 
right-lateral  offset.  At  the  northeast  extent  of  both  Danu  Montes  and  Clotho 
Tessera  is  a 120-km-wide  diffuse  lineament  zone  (DLZ ) trending  southeast. 

These  lineaments  are  traceable  for  700  km  before  they  disappear,  apparently 
buried  for  almost  500  km  by  flows  from  the  northeast  that  are  related  to  a 
large  volcano-tectonic  depression  whose  southeast  rim  is  roughly  defined  by 
Valkyrie  Fossae.  Beyond  Valkyrie  Fossae,  a similar  lineament  zone  continues 
an  additional  800  km  southeastward  before  abruptly  terminating  150  km  short  of 
Sigrun  Fossae.  (The  abrupt  termination  follows  a line  subparallel  to  Sigrun 
Fossae  — itself  nearly  perpendicular  to  the  lineament  zone  and  is 
probably  one  of  the  faults  which  form  the  Sigrun  rift  valley).  This  eastern 
segment  of  the  DLZ  is  100  km  wide  near  Valkyrie  and  fans  out  eastward  to  as 
much  as  400  km  or  more  wide  near  Sigrun. 

I suggest  that  Clotho  Tessera  was  once  part  of  Fortuna  Tessera,  but  was 
cut  off  by  a transcurrent  fault  zone  (the  DLZ)  striking  perpendicular  to  the 
Sigrun  "rift"  [1,2]  and  carried  westward  where  it  collided  with  Lakshmi  Planum 
(forming  Danu  Montes).  A gravity  anomaly  along  the  southern  border  of 
Lakshmi,  in  the  area  of  Danu  Montes,  has  been  interpreted  as  indicating 
subduction  there  [3],  providing  additional  supporting  evidence  for  the 
collision  hypothesis.  The  Danu  Montes  right-lateral  fault(?)  is  explained  by 
the  obliquity  of  the  collision  of  Clotho  with  Lakshmi  (the  path  of  least 
resistance  for  the  migrating  terrain  being  toward  the  southwest). 

Diffusion  of  the  DLZ  with  proximity  to  Sigrun  Fossae  may  be  due  to  either 
higher  ductility  near  the  postulated  Sigrun  "rift",  or  to  burial  by  flows  away 
from  the  rift  nearer  to  Valkyrie  Fossae.  (The  latter  hypothesis  is  reinforced 
by  inselbergs  of  the  sheared-type  terrain  near  Valkyrie).  If  this  is  indeed 
the  case,  it  indicates  that  the  visibilty  of  transcurrent  structures  resulting 
from  crustal  movements  may  be  difficult  to  see  in  the  plains,  due  to  much 
higher  ductility  there  and/or  to  burial  by  the  plains-f orming  flows. 

Other  possible  examples  of  migrating  tesserae  occur  elsewhere:  small 

pieces  of  Ananke  Tessera  can  be  fit  back  together  as  though  they  had  rifted 
apart,  and  the  spreading  apart  of  Ananke  and  Virilis  Tesserae  has  been 
suggested  because  of  their  symmetric  locations  about  the  axis  of  an  inferred 
spreading  zone  [4] . Other  tessera  fragments  appear  to  have  been  isolated  by 
rifting,  with  little,  if  any,  significant  lateral  motion  (e.g.,  Meni  and 
Tellus  Tesserae,  and  Tethus  and  Fortuna  Tesserae).  The  migrating  terrain 
model  for  Clotho  Tessera  supports  Sukhanov's  [5]  interpretation  of  tesseral 
fragments  as  rafts  of  lighter  crustal  material. 
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Figure  1.  (top)  Venera  15/16  mosaic  of  the  suggested  "Clotho-Sigrun  shear 
zone"  area.  (bottom)  Interpretive  sketch  map  of  the  area. 
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Models  of  Venus  Tectonics:  Evaluation  and  Application  to  Tessera  Terrain. 

D.L.  Bindschadler,  and  J.W.  Head,  Brown  University  Dept,  of  Geological  Sciences, 
Providence,  RI,  02912  (SPAN  BRNPSG::BINDSCH) 

Models:  A number  of  models  have  been  suggested  for  the  formation  of  the 
complexly  deformed  tessera  terrain  of  Venus  [1-4].  We  have  used  these  and  other  models 
to  set  forth  working  hypotheses  for  the  formation  of  tessera  [5],  which  can  be  broadly 
divided  into  three  formational  models  (those  which  produce  the  observed  high-standing 
topography  of  the  tessera)  and  two  modificational  models  (those  which  are  a direct  result  of 
high  topography).  The  complexity  of  the  tessera,  including  at  least  three  distinctive 
subtypes  [6],  raises  the  possibility  that  this  terrain  may  have  more  than  a single  mode  of 
formation.  Here  we  describe  each  model,  note  its  basic  predictions,  and  compare  those 
predictions  to  observational  constraints  such  as  topography,  LOS  (line  of  sight)  gravity 
anomaly  data  [7],  morphologic  and  structural  information  derived  from  Venera  image  data. 

Horizontal  convergence  and  crustal  thickening  may  be  driven  by  in-plane 
lithospheric  stresses  (as  on  Earth)  or  by  flow  within  the  mantle  of  Venus  [8,9].  In  general, 
convergent  motion  is  expected  to  result  in  high  topography,  steep  topographic  slopes,  and 
fold-and-thrust  deformation  at  the  surface.  Crustal  compensation  of  topography  should 
result  in  a relatively  small  LOS  anomaly  over  regions  of  tessera,  given  predicted  crustal 
thicknesses  for  Venus  of  <30  km  [10,11].  In  addition,  both  strike-slip  and  extensional 
deformation  are  observed  in  terrestrial  orogens  such  as  the  India-Asia  collision  and  the 
Andean  orogen,  and  might  also  be  expected  to  occur  on  Venus 

Mantle  upwelling  may  be  manifested  as  the  upwelling  limb  of  a convection  cell,  a 
long-lived  hotspot,  or  a diapir-like  body.  Such  an  upwelling  will  result  in  the  formation  of 
a dome-shaped  region  of  high  topography,  characterized  by  extensional  deformation,  and 
possibly  by  volcanism  [12].  Relatively  large  LOS  gravity  anomalies  are  anticipated,  unless 
the  characteristic  depth  of  the  source  is  quite  shallow.  Numerous  workers  have  identified 
Beta,  Bell,  and  Atla  Regiones  as  likely  surface  manifestations  of  mantle  upwelling.  Such 
regions  are  thus  likely  to  represent  some  part  of  the  evolution  of  any  tessera  formed  due  to 
upwelling. 

Seafloor  spreading  or  an  analogous  process  is  suggested  to  occur  within  Aphrodite 
Terra  [13].  On  Earth,  seafloor  spreading  results  in  the  formation  of  an  approximately 
orthogonal  structural  fabric  consisting  of  transform  faults  and  fracture  zones  in  one 
direction,  and  abyssal  hill  topography  in  the  other.  Tessera  formed  near  Aphrodite  and 
transported  north  is  predicted  to  be  old  compared  to  the  undeformed  plains  that  surround  it. 
High  topography  is  explained  as  being  due  to  a relatively  thick  crust,  suggesting  that 
topography  at  plains-tessera  contacts  should  be  gently  sloping.  Steep  topography  is 
expected  to  occur  at  transforms  due  to  juxtaposition  of  lithosphere  of  different  ages  and  to 
thermal  stress-supported  bending  of  plate  segments  [14].  Finally,  a common  feature  of  the 
terrestrial  ocean  floor  are  volcanic  seamounts,  which  may  be  observable  as  small  domes  on 
the  surfaces  produced  by  a spreading  process. 

Gravity  sliding  is  defined  here  as  a thin-skinned,  predominantly  brittle  process 
involving  the  downslope  movement  and  deformation  of  a wedge  of  material  above  a 
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decollement.  This  process  is  expected  to  produce  extensional  features  (e.g.  a detachment 
fault)  at  or  near  local  topographic  highs,  with  structures  becoming  increasingly 
compressional  toward  local  topographic  lows.  If  topographic  slopes  are  approximately 
radial  about  the  highest  topography,  radial  graben  would  also  be  expected  to  form,  as 
observed  in  the  aureole  surrounding  Olympus  Mons  on  Mars  [15]. 

Gravitational  relaxation  of  compensated  topography  is  distinguished  from  gravity 
sliding  as  a predominantly  ductile  process  driven  by  gradients  in  vertical  normal  stress  due 
to  surface  and/or  crust-mantle  boundary  topography.  In  the  case  of  crustally  compensated 
topography,  calculations  predict  extension  of  high  topography  and  increasingly 
compressional  deformation  toward  the  edges  of  a topographic  high  [16].  Highest  rates  of 
extension  occur  at  the  highest  elevations,  but  extension  may  occur  even  in  relative  lows  if 
they  lie  above  the  level  of  the  surrounding  plains.  If  the  high  topography  of  the  tessera  is 
due  to  uplift  rather  than  crustal  thickness  variations,  a somewhat  different  scenario  is 
predicted,  see  [5]. 

Evaluations.  Of  the  three  formational  models,  characteristics  of  the  tessera  are  in 
least  agreement  with  the  predictions  of  the  mantle  upwelling  model.  LOS  gravity  data 
suggest  relatively  shallow  compensation  of  Tellus  Regio  [7,6],  in  contrast  to  the  great 
depths  of  Airy  compensation  calculated  for  Beta  and  Bell  Regiones  [17,18].  Regions  of 
tessera  are  typically  characterized  by  steep  slopes  near  the  plains-tessera  boundary  and 
lower  relief  interiors,  a plateau-like  shape.  Regions  such  as  Bell  and  Beta  are  characterized 
by  more  gradually  sloping,  dome- shaped  topography.  In  contradiction  of  the  prediction  of 
increasing  surface  deformation  with  time,  we  observe  embayed  regions  of  tessera  on  the 
flanks  of  Bell,  which  appear  to  predate  the  smooth,  undeformed  plains  that  dominate  the 
surfaces  of  domal  uplifts.  It  therefore  seems  unlikely  that  regions  of  tessera  represent  more- 
evolved  Bell  or  Beta-like  regions.  We  also  suggest  that  gravity  sliding  may  be  ruled  out  as 
a significant  contributor  to  formation  of  tessera.  Examination  of  Venera  images  reveals  a 
lack  of  features  that  could  be  considered  analogous  to  detachment  faults.  Moreover,  the 
simple  structural  fabric  of  upslope  extensional  features  and  downslope  compressional 
features  is  not  generally  observed,  with  one  notable  exception.  A small  region  of  tessera 
southwest  of  Lakshmi  Planum  (~58°N,  310°E)  exhibits  structures  predicted  for  gravity 
sliding  [19].  This  deformational  pattern  has  not  been  observed  elsewhere  in  the  tessera. 

A number  of  predictions  of  the  seafloor  spreading  model  are  consistent  with 
characteristics  of  the  tessera  in  eastern  Laima  Tessera  (~50°N,  50°E).  The  region  is 
characterized  by  an  approximately  orthogonal  fabric  (trough  and  ridge  tessera  [6]) 
consisting  of  features  suggested  to  be  analogous  to  fracture  zones  and  abyssal  hills  [20]. 
Other  major  regions  of  tessera  are  characterized  by  different  morphologic  subtypes  [6]. 
Topography  and  age  relationships  along  the  boundaries  of  Laima  are  consistent  with  model 
predictions,  and  available  LOS  gravity  data  are  consistent  with  crustal  isostatic  support  of 
topography.  However,  domes  analogous  to  terrestrial  seamounts  are  not  observed,  and  no 
topographic  stepdowns  are  observed  across  troughs.  The  approximately  orthogonal  fabric 
of  eastern  Laima  merges  gradually  into  a non-orthogonal  fabric  in  western  and  southern 
Laima,  and  the  two  longest  and  most  distinct  troughs  in  Laima  (Baba-jaga  and  Mezas-mate 
Chasmata)  are  non-parallel.  Such  disturbances  of  the  structural  fabric  could  be  associated 
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with  minor  deformation,  and  we  are  currently  quantifying  observations  as  to  the 
parallel/orthogonal  nature  of  features  in  order  to  more  objectively  assess  the  model. 

Predictions  of  a model  in  which  crustal  convergence  is  followed  by  gravitational 
relaxation  are  consistent  with  most  of  the  overall  characteristics  of  sub-parallel  ridged 
terrain  (Tsr)  and  disrupted  terrain  (Tds),  the  remaining  tessera  subtypes  [6],  These  include 
LOS  gravity  data,  the  presence  of  both  Type  II  boundaries  (which  suggest  deformation  to 
plains  to  form  tessera)  [6],  the  presence  of  Tsr  near  the  edges  of  regions  of  tessera  [6],  and 
the  association  of  tessera  with  the  mountains  of  western  Ishtar  Terra.  Within  the  Tds, 
extensional  features  commonly  crosscut  other  structures,  indicating  the  late-stage  extension 
predicted  for  gravitational  relaxation. 

We  are  currently  attempting  to  assess  the  seafloor  spreading,  convergence,  and 
relaxation  models  in  terms  of  the  various  tessera  subtypes.  One  goal  of  this  study  is  to  link 
particular  modes  of  origin  with  the  morphologic  classification  scheme.  Of  particular 
importance  would  be  the  identification  of  transitional  subtypes  suggesting  that  at  least  some 
tessera  have  been  reworked  by  distinct  processes.  Finally  we  plan  to  consider  the 
implications  of  the  models  for  the  driving  mechanisms  of  Venus  tectonics. 
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VENUS  TESSERA  AS  ANALOGS  TO  EARTH  OCEANIC  CRUST  FORMED  AT  SPREADING  CENTERS 
J.  W.  Head,  Dept.  Geol.  Sci.,  Brown  Univ.,  Providence,  R.  I.  02912 

Tessera  is  an  upland  terrain  type  shown  by  Venera  15/16  radar  images  to  have  a very  distinctive 
morphology  and  texture  dominated  by  densely  packed  systems  of  grooves  and  ridges  intersecting  each  other 
in  a variety  of  patterns.  The  morphology  of  tessera  has  been  interpreted  to  be  related  to  deformation  which 
has  acted  with  primarily  horizontal  components  over  broad  areas1,  but  the  origin  of  the  deformation  is  still 
controversial.  A range  of  models  for  tessera  origin2  includes:  horizontal  compression  and  crustal  thickening 
due  to  asthenospheric  currents;  vertical  uplift  due  to  shallow  mantle  processes;  gravity  driven  deformation 
manifested  as  gravity  sliding  or  gravitational  relaxation;  and  analogy  to  the  terrestrial  sea  floor  where 
structural  patterns  are  related  to  rise-crest  and  spreading  processes.  A three-part  classification  scheme, 
outlined  in  order  of  increasing  complexity  of  structural  patterns  has  been  proposed  for  the  tessera3'  1 ) trough 
and  ridged  terrain;  2)  sub-parallel  ridged  terrain;  and  3)  disrupted  terrain).  In  this  analysis,  the  characteristics 
of  the  type  example  of  the  trough  and  ridged  terrain  (Eastern  Laima  Tessera),  the  least  complex  type  of 
tessera  terrain  is  investigated  (Fig.  1 ),  and  compared  to  the  texture  of  the  terrestrial  ocean  floor. 

Laima  Tessera  covers  approximately  14  x 10^  km2  and  is  centered  at  about  50°,  50°N  (Fig.  1 ).  The  major 
fabric  associated  with  Laima  Tessera  is  a generally  orthogonal  structural  fabric  composed  of  WNW  to  NW 
trending  long  and  throughgoing  faults  and  large  troughs  up  to  30  km  in  width,  and  a NNE  to  NE  trending  set  of 
much  shorter  linear  elements  of  alternating  ridges  and  valleys  spaced  6 to  12  km  apart  and  oriented  locally 
orthogonally  to  the  larger  structures.  The  trouahs/fractures  (Fig.  1,  2)  are  characterized  by  their  linearity  and 
extreme  length,  and  their  often-changing  nature  along  strike.  Several  troughs  completely  cross  the  width  of 
Laima  Tessera,  with  one  extending  for  a distance  of  about  1400  km.  The  individual  features  themselves  are 
most  often  trough-shaped  in  cross-section,  with  inward  dipping  walls  and  a flat  floor  which  usually  appears  to 
be  covered  by  plains  units  of  probable  volcanic  origin.  Troughs  range  in  width  from  about  8-30  km  with  most  in 
the  range  of  10-12  km.  In  some  cases  the  flat-floored  trough  narrows  and  the  walls  merge  into  a single  linear 
fracture  zone,  generally  less  than  8 km  in  width.  The  major  troughs  are  generally  parallel  (Fig.  1)  with  the 
MM|?nce  between  any  two  being  similar,  but  they  are  not  evenly  spaced  across  strike  relative  to  each  other.  A 
NNE-oriented  transect  across  eastern  Laima  Tessera  shows  that  the  spacing  ranges  from  20  to  100  km  with 
an  average  spacing  for  1 3 troughs  of  about  50  km. 

The  striped  terrain  between  the  troughs/fractures  is  characterized  by  parallel  ridges  and  valleys  oriented 
generally  perpendicular  to  the  troughs/fractures.  The  edges  of  the  ridges  and  valleys  are  often  sharp  and 
linear  and  appear  to  be  fault  bounded  (Fig.  1 , 2).  In  eastern  Laima  Tessera,  the  linear  elements  of  the  striped 
terrain  are  commonly  continuous  between  the  orthogonal  trough/fractures,  and  do  not  show  a consistent 
relationship  in  terms  of  crossing  or  terminating  against  the  trough/fracture  zones.  In  many  cases  particularly 
where  the  edge  of  the  striped  terrain  is  defined  by  a trough,  individual  linear  elements  do  not  appear  to  cross 
into  the  adjacent  striped  segment.  In  some  cases,  particularly  where  the  edge  of  the  striped  terrain  is  defined 
by  a fracture,  many  linear  segments  can  be  traced  across  the  fracture,  while  others  terminate  against  it.  Few 
striped  elements  carry  further  than  across  one  trough/fracture  zone  (see  map  patterns  in  Fig.  1 ).  The  lengths 
of  the  valleys  and  ridges  in  the  striped  terrain  are  thus  generally  comparable  to  the  separation  distances 
between  the  orthogonally  oriented  trough/fractures,  commonly  in  the  range  20  to  1 00  km,  and  much  shorter 
than  the  orthogonal  fabric  of  the  troughs/fractures.  The  separation  distances  of  the  hills  are  about  6-12  km 
averaging  about  8-10  km. 

The  fundamental  fabric  of  the  terrestrial  sea  floor  is  the  combination  of  the  linear  rise  crest  and  median 
valley  of  the  spreading  center,  and  the  orthogonally  oriented  pattern  of  transforms  and  fracture  zones4-6  |n 
addition,  the  linear  ridges  and  troughs  that  are  formed  parallel  to  the  rise  crest  (abyssal  hills)  produce  a closely 
spaced  pattern  of  linear  ridges  and  valleys  extending  away  from  the  rise  crest,  oriented  normal  to  the 
transforms/fracture  zones4-7  Fracture  zones  are  pervasive  in  the  ocean  basins,  occur  in  a variety  of  sizes 
and  scales,  and  are  defined  by  a central  trough  5-20  km  in  width  that  has  regional  inward-dipping  convex- 
downward  slopes  down  to  the  trough  floor,  with  subsidiary  basins  and  ridges  along  the  valley  floor.  Fracture 
zones  are  linear,  arcuate,  and  slightly  sinuous,  depending  on  a number  of  factors  including  changes  in 
spreading  rate,  poles  of  rotation,  and  deformation.  Fracture  zones  over  several  thousands  of  kilometers  in 
length  are  known.  The  spacing  between  FZ's  is  relatively  constant  between  any  pair  of  FZ*s,  but  is  variable  in  a 
cross-strike  direction  across  a series  of  FZ’s.  The  spacing  is  about  30  km  along  slow-spreading  ridges  and  70 
km  along  fast-spreading  ridges^.  Average  spacing  in  the  North  Atlantic  is  55  km*  A distinctive  linear  fabric  of 
hill?  occurs  parallel  to  the  rise  crest  and  normal  to  the  fracture  zones.  Recent  work?  has  shown  that 
the  spacing  of  abyssal  hills  is  inversely  related  to  spreading  rate,  with  slow  spreading  ridges  having  an 
average  spacing  of  10  km,  and  fast  spreading  ridges  being  less  widely  spaced  (average  spacinq  of  4 2 km) 

The  linear  extent  of  these  ridges  is  1 0 km  to  40-50  km.  y ' 
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There  are  many  similarities  between  the  components  of  the  tessera  terrain  and  terrestrial  sea-floor  fabric 
and  structure.  Oceanic  fracture  zones  and  tessera  troughs/fractures  are  similar  in  their  linearity,  parallelism, 
length,  width,  spacing,  and  general  morphology  (Figs.  1-2).  Oceanic  abyssal  hills  are  similar  to  the  ridges  and 
valleys  of  the  striped  terrain  in  their  orthogonal  orientation  to,  and  different  scale  from,  the  fracture 
zones/troughs.  They  are  also  similar  in  their  parallelism,  their  consistent  occurrence  and  relatively  constant 
widths  over  large  areas,  the  relatively  sharp  fault-like  boundaries  of  the  valleys  and  ridges,  their  spacing,  their 
heights,  and  in  their  relation  to  the  fracture  zones. 

On  the  basis  of  these  similarities  it  is  concluded  that  the  trough  and  ridged  tessera  type^  covering  14  x 10& 
km2  in  Laima  Tessera  originated  through  processes  analogous  to  those  responsible  for  the  ocean  floor  fabric 
on  Earth.  Specifically,  it  is  interpreted  that  the  tessera  originated  at  a rise  crest  analogous  to  divergent 
boundaries  and  spreading  centers  on  the  Earth's  sea  floor  and  evolved  to  its  present  morphology  and 
configuration  through  processes  of  crustal  spreading.  This  process  may  be  related  to  the  patterns  of 
topography,  morphology,  and  structure  comparable  to  terrestrial  spreading  centers  observed  in  the  Western 
Aphrodite  Terra  region  to  the  south  of  Laima  Tessera^.  The  more  complex  tessera  patterns  could  be  due  to 
deformation  of  the  basic  trough  and  ridge  tessera  pattern  or  to  complex  tectonic  patterns  from  other  sources 
of  deformation.  Recognition  of  these  key  basic  patterns  (long  troughs/fractures  and  short  orthogonal  striped 
terrain)  should  provide  a 'marker'  structural  type  and  help  in  deciphering  the  origin  of  the  more  complex  tessera 
occurrences. 

Refsrences:  i)  A.  Basilevsky  et  al.  (1986)  JGR  91 , D399.  2)  D.  Bindschadler  and  J.  Head  (1988)  LPSC  XIX. 
78.  and  references  therein.  3).  ibid,  76.  4)  K.  McDonald  (1986)  Geology  of  N.  Amer.,  GSA.  51.  5)  P.  Fox  and  D. 
Gallo  (1986)  ibid,  157.  6)  K.  Kastens  (1987)  JQR  25, 1554.  7)  P.  Fox  et  al.  (1989)  £Q£,  69, 1421.  8)  D.  Abbott 
(1986)  GRL.  13,  157.  9)  J.  Head  and  L.  Crumpler  (1987)  Science.  238, 1380. 

Fig.  1 . Structure  of  the  tessera  in  Laima  Tessera1 . 1 ) lavas,  2)  ridges  of  linear  belts,  3)  lineaments  in  tessera, 
4)  circular  blocks,  5)  volcanoes,  6)  impact  craters,  7)  main  faults. 


Fig.  2.  Venera  15/16  images  and  sketch  maps  of  troughs/fractures  (TF),  and  the  striped  terrain  (ST)  in  Laima 
Tessera.  Spacing  of  stripes  averages  about  8-10  km. 


FASTERN  APHRODITE  TERRA, VENUS:  EVIDENCE  FOR  ADDITIONAL  DIVERGENT 
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Introduction.  The  combination  of  linear  discontinuities,  regional  and  local  symmetry,  offset  of  symmetry 
axes,  and  predictable  regional  altimetric  form  in  Western  Aphrodite,  have  been  interpreted  recently  as  analogous 
to  many  of  the  characteristics  occurring  at  terrestrial  spreading  centers  [1, 2].  The  continuity  between  the 
Western  and  Eastern  Aphrodite  raises  the  question  of  whether  or  not  the  two  segments  of  the  equatorial 
highlands  share  a similar  structure  and  origin.  There  are  numerous  morphologic  similarities  between  Eastern 
Aphrodite  and  Western  Aphrodite,  as  well  as  some  fundamental  morphologic  differences.  In  the  following  we 
examine  the  known  characteristics  of  Eastern  Aphrodite  using  techniques  previously  applied  in  Western 

Aphrodite  in  order  to  address  this  question.  . . ,. 

r.pncral  Orararfrisf ics  and  Analysis.  Eastern  Aphrodite,  naturally  divided  from  Western  Aphrodite 
along  CSD  8 at  the  eastern  margin  of  Thetis  Regio,  is  relatively  ridge-like,  and  nses  1 to  2 km  above  the 
surrounding  lowlands.  Linear  chasma,  1 to  3 km  deep  such  as  Diana  and  Dali,  previously  interpreted  as  possible 
extensional  rift  zones  [3,4],  strike  approximately  N70-90°E  along  the  rise  crest,  and  each  is  typ.cally 
accompanied  by  flanking  ridges.  Distinctive  domical  mountains  2 to  3 km  high  that  occur  distributed  abo 
flanks  of  the  chasma  are  responsible  for  much  of  the  local  relief  throughout  Eastern  Aphrodite,  their  isolation 
and  association  with  the  central  rift-like  chasma  suggests  that  they  may  be  large  volcanoes. 

T inpar  discontinuities.  Several  characteristics  of  the  central  rise  crest  m Eastern  Aphrodite  are  segmented 
along  the  strike  including  (i)  central  chasma,  (ii)  rise  crest  axis,  and  (in)  margins  of  the  highland  and  offsets  in 
each  of  these  features  results  in  an  overall  segmented  appearance.  The  detailed  characteristics  of  the  rise  cres 
flanks,  such  as  the  abundance  and  distribution  of  the  domical  mountains  and  the  paired  ndges  and  troughs 
parallel  with  chasma,  differ  in  uirections  at  right  angles  to  each  chasma  segment,  accentuaUng  the  overall 
segmented  appearance  of  the  highland.  These  changes  in  the  flanks  and  central  chasma  are  relatively  abrupt, 
occur  across  Unear  zones  of  regional  altimetric  rise  or  fall  according  to  high-resolution  Arecibo  a umetnc 
profiles  [5]  crossing  their  projected  lowlands  locations,  and  are  oriented  at  right  angles  to  the  strike  ot  the 
highland.  When  plotted  on  the  altimetric  contour  map  (Fig.  1),  these  zones  define  a senes  of  nearly-para  e 
linear  discontinuities  crossing  the  overall  east-west  strike  of  the  highland  at  approximately  right  angles  to  the 
strike  of  the  central  chasma  and  with  orientations  similar  to  the  CSD's  previously  identified  in  Western 

P Rilateral  Symmetry.  Altimetric  profiles  across  Eastern  Aphrodite  parallel  to  the  discontinuities  are 
regionally  symmetric  with  one  or  more  deep  central  troughs  along  the  altimetric  crest  [5],  and  with  sloping 
flanks  that  tend  to  be  convex  in  the  west  and  more  concave  toward  the  east  Alternating  ndges  and  troug  s are 
frequently  symmetricaUy  distributed  about  the  central  rise  crest,  which  together  with  the  central  troughs,  are 
equidistant  from  the  6052  km  altimetric  contour  marking  the  morphological  margin  of  the  highland.  In  addiuon 
to  the  offset  of  chasma  and  other  features,  altimetric  profiles  show  that  the  central  axis  of  symmetry  in  adjacent 
profiles  parallel  to  the  discontinuities  is  offset  across  each  of  the  identified  discontinuities  in  a manner  similar  to 
those  in  Western  Aphrodite. 

Interpretation  of  Similarities  between  Eastern  and  Western  Aphrodite.  In  Western 
Aphrodite,  linear  discontinuities  striking  across  the  highland  are  similar  to  fracture  zones  and  transform  faults  in 
terms  of  their  length,  width,  altimetric  form,  nature  of  their  influence  on  the  highlands,  and  the  way  in  which 
the  regional  altimetry  steps  up  or  down  across  them[l,2,6].  Western  Aphrodite  contains  a symmetry  similar  to 
that  derived  from  thermal  boundary-  layer-related  topography  on  the  seafloor  [6],  and  a bilateral  symmetry  of 
small  scale  features  like  that  formed  by  the  splitting,  separating,  and  drifting  apart  of  individual  altimetric 

features  initially  formed  on  a rise  crest  [7], 

The  Unear  discontinuities,  regional  symmetry-  characteristic,  altitude  of  the  slopes,  slope  coefficents,  and 
slope  lengths  in  Eastern  Aphrodite  are  similar  to  that  in  Western  Aphrodite.  The  altitude  vanes  as  the  square 
root  of  distance  from  the  central  rise  crest  symmetry  axis  in  both  highland  areas,  and  because  of  this,  the 
regional  slopes  can  be  accurately  predicted  in  directions  at  right  angles  to  the  symmetry  axes.  Whereever  there  is 
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an  offset  in  the  symmetry  axis,  regional  altimetric  steps  and  discontinuities  such  as  those  that  are  observed  in 
the  highland  are  a predicted  consequence.  In  addition,  the  slopes  are  similar  in  both  broad  behavior  and  overall 
magnitude  to  that  predicted  from  simple  thermal  boundary  layer  theory  in  general  [8,9],  and  similar  in  particular 

to  that  predicted  for  a thermal  boundary  layer  topography  on  Venus  in  association  with  diveregence  at  rates  of 
0.5  to  2 cm/yr. 

Interpretation  of  Difference  between  Eastern  and  Western  Anhrwt;t„  Western  and  Eastern 
Aphrodite  highland  show  a range  of  fundamental  morphological  and  structural  similarities,  but  Western 
Aphrodite  is  dominated  by  central  plateaus,  whereas  Eastern  Aphrodite  is  characterized  by  a relatively  simple 
ridge-like  form  similar  to  "normal"  rise  crests  on  Earth  (Fig.  2).  Plateaus,  similar  to  Western  Aphrodite,  are 
known  to  form  along  rise  crests  on  Earth  in  which  the  characteristic  thermal  boundary  layer  topography  occurs 
in  the  lowlands  and  the  plateau  (13).  Oceanic  rise-crest  plateaus  are  currently  restricted  in  occurrence  on  Earth 
where  anomalous  volcamsm  has  resulted  in  a greater  than  average  crustal  thickness.  Rise  crest  plateaus  may 
have  been  more  common  at  times  in  the  past,  particularly  during  the  Cretaceous  [10],  as  the  abundance  of 
oceanic  plateaus  in  the  Western  Pacific  suggests. 

The  origin  of  the  difference  between  normal  rise  crests  (normal  crustal  thickness)  and  rise  crest  plateaus 
(larger  than  average  crustal  thicknesss)  can  be  related  to  any  of  the  processes  that  result  in  anomalous  mantle 
melting,  including  chemical,  thermal,  and  convective  inhomogeneities  in  the  mantle  characteristics,  or  the 
interaction  of  a "plume"  with  a normal  divergent  boundary  as  proposed  for  Iceland  [1 1],  Recently,  Reid  and 
Jackson  [12]  have  disscussed  how  relatively  small  differences  in  mantle  temperature  on  Earth  will  result  in 
excess  melting,  volcanism,  and  crustal  thickness  along  a divergent  boundary  in  which  the  resulting  crustal 
thicknesses  will  be  characteristic  of  oceanic  plateaus.  If  Aphrodite  Terra  represents  a divergent  plate  boundary 
the  plateau-like  form  of  Western  Apohrodite  can  result  from  an  increase  in  the  crustal  thickness  [1]  associated 

with  modest  local  increases  in  mantle  temperature  [13]. 

Conclusions-  Eastern  and  Western  Aphrodite  Terra  are  similar  in  a variety  of  characteristics  including 
linear  disconUnuities,  axial  symmetry,  and  predictable  surface  altitude  characteristics  with  respect ’to  distance 
tram  the  symmetry  axes.  These  characteristics  in  association  with  the  length,  width,  parallelism,  offset  of 
symmetry  axes,  and  influence  on  the  highlands  of  discontinuities,  as  well  as  the  evidence  for  extensional  rifting 
large  volcanoes,  and  axial  plateaus  are  comparable  to  the  known  charcteristics  of  spreading  centers  on  Earth  The 
differences  between  Western  Aphrodite  (central  symmetric  plateaus)  and  Eastern  Aphrodite  (symmetric  ridge)  can 
occur  along  spreading  centers  where  the  underlying  mantle  supplying  melts  to  the  rise  crest  is  characterized  by 
variable  temperatures.  For  regions  of  higher  temperature,  ano  volcanism  and  crustal  thicknesses  result  and  a 
broad  plateau  replaces  a normal  rise  crest.  The  total  length  of  Eastern  and  Western  Aphrodite  is  14,000  km  or 
more  than  one-third  of  the  global  circumference,  implying  that  spreading  center  characteristics  may  exert  an 
influence  on  the  tectonic  style  of  a significant  proportion  of  the  surface  of  Venus  (Fig.  3). 
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Figure  1 . Location  and  distribution  of  linear  discontinuities  within  the  highland  part  of  Eastern  Apohrodite. 

Figure  2.  Difference  between  "normal"  rise  crest  like  that  in  Eastern  Aphrodite(A),  and  nse  crest  with  anomalous 
crustal  thickness  similar  to  that  in  Western  Aphrodite  (B). 

Figure  3.  Global  perspective  on  the  distribution  of  known  linear  discontinuities  and  symmety  axes  in  Aphrodite 
Terra 


23 


LAKSHMI  PLANUM  VOLCANISM:  STYLE,  ORIGIN,  AND  RELATION  TO  OTHER 
VOLCANIC  DEPOSITS  ON  VENUS 

Kari  Magee  Roberts,  James  W.  Head,  Dept,  of  Geological  Sciences,  Brown  University,  Providence  R I 
02912 


Lakshmi  Planum,  located  in  western  Ishtar  Terra,  has  been  interpreted  as  a highland  plain  of  volcanic  ori- 
gin. Lakshmi  rises  3-5  km  above  the  datum  and  is  surrounded  on  all  sides  by  bands  of  mountains 
interpreted  to  be  of  compressional  tectonic  origin.3*1  12  Lakshmi  is  distinctive  and  unique  on  the  surface  of 
Venus  as  an  expansive  (1. 5-2.0  xlO6  km2),  relatively  smooth,  flat  plateau  containing  two  large  shield 
volcanoes  in  the  midst  of  a region  of  extreme  relief.  As  a result  of  our  detailed  mapping,  we  have  compiled  a 
province  map  which  illustrates  some  of  the  basic  characteristics  and  large-scale  distribution  of  surface  units  on 
Lakshmi  Planum.  The  map  and  its  units  have  been  described  elsewhere;^  this  abstract  will  focus  on  the  styles 
and  possible  origin  of  the  volcanism  observed  on  Lakshmi  and  how  it  compares  to  other  volcanic  regions  on 
Venus. 


We  have  recognized  three  styles  of  volcanism  that  dominate  the  surface  of  Lakshmi.  Centralized  effusive 
volcanism  is  primarily  associated  with  the  two  major  caldera  structures  (Colette  and  Sacajawea)  and  their 
circumferential  low-shield-forming  deposits  which  dominate  the  plateau.  Colette  is  130  x 180  km  in 
dimension,  elongated  in  a N-S  direction,  1-2  km  deep,2»3’^  and  is  surrounded  by  an  extensive  radiating  system 
of  flows  having  an  average  width  of  15  km  and  lengths  of  100-300  km.  The  shield  structure  surrounding 
Colette  is  about  500  x 700  km  in  dimension  and  descends  about  1 km  from  the  rim  to  the  surrounding  plains. 
Sacajawea  is  a 200  x 120  km  oval-shaped  depression  elongated  in  a SW-NE  direction  and  approximately  1.5-2 
km  deep.  Sacajawea  lacks  the  distinctive  radial  lobate  flow  patterns  of  Colette,2,3’^  although  mottled  deposits 
surrounding  Sacajawea,  and  distinct  from  the  undivided  plains,  have  been  mapped  extending  about  300  km  from 
the  center  of  the  caldera.  Adjoining  Sacajawea  to  the  SE  is  a system  of  linear  features  interpreted  by  Pronin3 
to  be  fault  scaips  with  characteristics  similar  to  graben,  at  least  one  of  which  contains  a volcanic  dome.  The 
concurrence  of  these  two  features  suggests  the  presence  of  a flanking  rift  zone  similar  to  those  occurring  in 
Hawaii.  However,  these  graben  lack  the  disunctive  patterns  of  lobate  flows  (eminating  at  high  angles  to 
strike)  that  characterize  erupuons  along  the  rift  zones  of  Mauna  Loa  and  Kilauea.  Rift  zones  which  form  as  a 
result  of  listric  faulting  may  be  unable  to  develop  on  Lakshmi  due  to  the  low  elevauon  of  the  shields  there. 
Perhaps  rift  zones  are  only  able  to  form  in  response  to  regional  stresses,  such  as  those  associated  with  the 
surrounding  orogenic  belts.  This  origin  is  suspected  for  the  rift  zone  which  adjoins  Sacajawea  to  the  SE.  On 
the  basis  of  the  relauve  crispness  and  distinctiveness  of  the  flows  and  structures  comprising  the  Colette  shield 
it  is  interpreted  to  be  younger  than  Sacajawea.2’3^ 

Distributed  effysive  volcanism  is  associated  with  domes  and  cones  1-50  km  in  diameter  and  smooth 
plains  for  which  no  specific  sources  can  be  found.  The  abundance  and  extent  of  smooth  volcanic  plains  which 
appear  to  predate  the  deposits  of  Colette  and  Sacajawea  suggest  that  an  episode  of  volcanic  flooding  occurred 
earlier  in  the  history  of  Lakshmi.  It  is  unclear  why  there  was  such  a dramadc  shift  from  volcanic  flooding  to 
extremely  centralized,  caldera-forming  volcanism. 

A third  style  of  volcanism  on  Lakshmi  is  pyroclastic  activity  which  may  be  associated  with  a 50  km 
diameter  feature  to  the  SE  of  Colette.  This  feature  is  surrounded  by  an  elongated  halo  of  deposits  that  is 
apparently  superimposed  on  the  more  distinctive  flow  deposits  of  Colette.  The  diffuse  character,  the  lack  of 
distinctive  lobate  patterns,  the  elongation  and  the  superposition  of  the  deposits  suggest  that  they  may  be  of 
pyroclastic  origin.  If  the  classification  of  this  feature  is  confirmed,  and  eruption  is  determined  to  have  occurred 
under  present  conditions,  then  the  presence  of  volatile-rich  magmas  on  Venus  is  directly  implied.^ 

Three  primary  characteristics  distinguish  Lakshmi  from  other  volcanic  regions  known  on  the  planet.^'2 
These  are:  1)  its  high  altitude  and  plateau-like  nature,  2)  the  presence  of  two  very  large,  low  shield  volcanoes 
with  very  large  distinctive  central  calderas,  Colette  and  Sacajawea,  and  3)  its  compressional  tectonic 
environment.  Lakshmi  Planum  was  originally  mapped  in  its  entirety  as  a smooth  highland  volcanic  plain2  on 
the  basis  of  its  elevauon  and  smooth  contrast  to  the  extreme  relief  of  the  surrounding  mountain  belts. 

However,  our  mapping^  has  shown  Lakshmi  to  be  more  complex  and  varied,  containing  additional  elements  of 
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many  of  the  plains  types  defined  by  Barsukov  et  al.  (1986).  Beta  and  Bell  Regiones  are  volcanic  provinces 
which,  like  Lakshmi,  are  characterized  by  high  altitudes.  However,  unlike  Lakshmi,  they  lack  a 
plateau-like  configuration  and  are  not  in  compressional  tectonic  environments.  The  volcanic  plains  of  Sedna, 
Guinevere,  and  Niobe  Planitiae  are  similar  to  Lakshmi  in  that  they  are  typified  by  numerous  volcanic 
constructs,  lava  flows  and  sheets,  and  smooth  or  gently  rolling  topography.  Unlike  Lakshmi,  they  are  at  very 
low  elevations  and  lack  sharp,  well-defined  mountainous  boundaries  and  large  volcanic  shields.  In  fact,  in  t e 
areas  imaged  by  Veneras  15  and  16,  there  is  no  other  region  similar  in  general  characteristics  to  Lakshmi 
Planum.  While  particular  aspects  of  the  planum  may  be  observed  elsewhere  (volcanic  regions  at  high 
elevations,  plains  containing  numerous  volcanic  constructs  and  flows)  the  combination  of  features  that  define 

Lakshmi  is  apparently  unique  on  the  surface  of  Venus. 

The  distinctiveness  of  Lakshmi  Planum  is  enhanced  by  the  presence  of  the  volcanic  shields  Colette  and 
Sacajawea,  which  are  themselves  quite  distinctive  structures.  Colette  and  Sacajawea  are  distinguished  by  large 
basal  diameters,  large,  elongate,  complex  central  calderas,  and  low  elevations  relative  to  the  surrounding  plain. 
There  are  numerous  large  volcanic  constructs  located  outside  of  Lakshmi  Planum  but  few  are  the  size  o 
Colette  and  Sacajawea.  Theia  Mons  in  Beta  Regio  is  -350  km  in  diameter  and  has  an  elevation  oH  .5-2.0 
km15  above  the  surrounding  topography,  making  it  steeper  sloped  than  Colette.  Like  Colette,  Theia  has  a 
large  (60-90  km  across)  summit  caldera,  although  it  does  not  appear  to  have  as  complex  a system  of  concentric 
fault  scarps.  The  smaller  basal  diameter,  steeper  slopes,  and,  perhaps  most  importantly,  the  presence  of 
Devana  Chasma  make  Theia  Mons  notably  dissimilar  to  Colette.  Renpet  Mons  (76  N,  238  ) and  Tepev 
Mons  (on  the  SW  flank  of  Bell  Regio)  also  have  significant  basal  diameters  (-300  km  each)  but  are  still 
smaller  than  Colette  and  Sacajawea.  They  are  typified  by  higher  elevations  (up  to  5.5  km  above  the 
surrounding  plains)  and  steeper  slopes  than  Colette  and  Sacajawea.  Both  have  weakly  defined  summit 
depressions  and  are  surrounded  by  radar-bright  flows,  although  the  lobate  character  of  individual  flows  is  not  as 
distinct  as  that  of  flows  about  Colette.  Api  Mons  (NE  of  Bell  Regio),  Atira  Mons  (52  N,  268  ),  and  Melia 
Mons  (SE  of  Tethus  Tessera)  are  all  characterized  by  radar-bright  flows  radiating  -200-250  km  from  complex 
summit  regions.  These  structures  may  represent  more  highly  developed  calderas  than  those  present  at  Theia, 
Renpet,  and  Tepev  Montes.  In  particular,  Melia  Mons  has  an  elongate,  almost  heart-shaped,  caldera-like 
structure  170  km  across.  Interior  to  the  structure  are  numerous  domes,  craters,  and  linear  features  suggestive  o 
a caldera  that  has  undergone  several  episodes  of  collapse  and  rejuvenation.  In  terms  of  caldera  complexity, 
Melia  Mons  is  most  similar  to  Colette,  although  in  general  morphology  they  are  quite  distinct. 

Our  interpretation  of  the  origin  of  Lakshmi  Planum  is  based  on  several  key  observations.  The  relative 
synchronism  of  volcanism  on  Lakshmi  and  tectonism  in  the  surrounding  orogenic  belts  is  indicated  by  the 
following:  1)  the  calderas  of  Colette  and  Sacajawea  are  not  circular,  but  elongate,  and  their  walls  are  oriented 
parallel  to  major  structural  trends  within  the  planum  and  surrounding  mountain  belts,  2)  smooth  volcanic 
plains  have  been  deformed  into  ridged  plains  which  follow  the  borders  of  the  plateau  and  strike  parallel  to  the 
adjacent  orogenic  belts,  and  3)  the  plains  become  increasingly  more  elevated  as  they  approach  some  of  the 
surrounding  mountain  belts.  These  observations,  in  conjunction  with  the  topographic  elevation  of  the  plateau 
itself  and  the  evidence  for  compressional  deformation*  *’*“*  and  crustal  thickening  in  excess  of  several  tens  of 
km  in  Akna,  Freyja,  and  Maxwell  Montes9'14  lead  us  to  conclude  that  volcanism  on  Lakshmi  Planum  is 
linked  to  melting  associated  with  the  processes  of  convergence  and  crustal  thickening.  We  are  currently 
investigating  the  sequence  of  tectonic  deformation,  crustal  thickening  processes,  and  the  implications  for 
crustal  melting  and  differentiation  in  relation  to  the  evolution  of  volcanic  deposits  on  Lakshmi  Planum. 
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Western  Eisila  Regio,  Venus:  Geology  and  Origin  of  an  Equatorial  Highland  D.  A. 

Senske,  and  J.  W.  Head,  Department  of  Geological  Sciences,  Brown  University,  Providence, *RI,  02912. 

Introduction  Venera  15/16  imaging  of  the  northern  high  latitudes  of  Venus,  north  of  30“  N,  shows  that  the 
northern  highlands  of  Ishtar  Terra  is  characterized  by  broad  zones  of  compression  (1,2,3).  In  contrast 
highlands  in  the  equatorial  region  of  the  planet  (e.g.  Beta  Regio,  Aphrodite  Terra)  appear  to  be  associated  with 
zones  of  extension  (4,5).  In  order  to  compare  the  processes  forming  highlands  in  the  equatorial  region  with 
those  in  the  northern  high  latitudes  the  geology,  morphology,  and  geophysical  characteristics  of  a number  of 
highland  features  in  the  Venus  equatorial  region  have  been  studied  (6).  In  this  study,  we  examine  in  detail  the 
geologic  and  geophysical  characteristics  of  the  equatorial  highland  of  Western  Eisila  Regio.  We  first  describe 
the  morphology  and  general  structure  of  this  highland  using  Pioneer  Venus  (PV)  altimetry  data.  The  local 
geologic  history  along  with  patterns  of  tectonic  deformation  are  then  examined  from  a radar  unit  map  produced 
from  the  PV  radar  image  and  structural  mapping  from  Venera  15/16  imaging.  In  addition,  analysis  of  line- 
of-sight  (LOS)  gravity  data  is  carried  out  in  order  to  estimate  an  apparent  depth  of  compensation.  Finally  we 
use  the  geologic  and  geophysical  information  to  assess  formational  models  for  this  region  and  compare  them 
with  a formational  model  for  the  highland  of  Ishtar  Terra.  * 

Structure  and  Morphology  Western  Eisila  Regio  is  the  western  most  of  a chain  of  equatorial  Upland  Rises 
characterized  by  broad  radar-dark  domal  topographic  rises,  individual  peaks,  and  extensive  volcanism  (7).  This 
highland  centered  at  20'  N,  355’  between  Sedna  Planitia  and  Guenevere  Planitia  is  characterized  by  1)  an 
elongated  topographic  rise  approximately  2400  km  wide  striking  N 60'  W and  2)  two  peaks,  Sif  Mons  and 
Gula  Mons  located  on  the  crest  of  the  topographic  rise  which  rise  2.2  km  and  4.0  km  above  a datum  of 
6051.0  km  respectively  (Figure  1). 

PV.  Radar  LLmi  Mm  Using  the  PV  radar  image,  seven  radar  units  have  been  defined  on  the  basis  of  radar 
brightness  and  texture  and  have  been  used  to  map  Western  Eisila  Regio.  This  map  shows  the  broad 
topographic  rise  of  Western  Eisila  Regio  to  be  characterized  by  units  ranging  from  Very  dark  in  the  east 
showing  characteristics  similar  to  the  surrounding  plains,  to  Mottled  bright  in  the  west.  Mottled  bright  units’ 
are  associated  with  the  summit  and  flanks  of  Sif  Mons.  The  flanking  mottled  bright  deposits  extend  radially 
(averaging  315  km)  in  all  directions  from  the  summit,  are  lobate,  and  suggest  the  presence  of  a complex 
system  of  lava  flows  superimposed  on  the  broad  high  (7). 

The  radar  units  mapped  on  Gula  Mons,  located  740  km  to  the  east  of  Sif  Mons,  show  properties  different 
from  those  mapped  on  Sif  Mons.  The  summit  is  characterized  by  a Very  bright  unit  with  flanking  Dark  and 
Very  dark  Units  confined  to  areas  of  lower  topography  which  form  a pattern  radial  from  a region  just  below 
the  summit  of  Gula  Mons  (18’  N,  358’).  These  deposits  form  a cross-cutting  relation  with  adjacent  mottled 
bright  and  mottled  dark  units  associated  with  Sif  Mons,  suggesting  that  the  Very  dark  units  in  this  area  are 
relatively  young  and  are  associated  with  a system  of  flows  originating  from  flank  eruptions.  Gula  Mons  is 
therefore  interpreted  to  be  younger  than  Sif  Mons. 

V'gflgril  15116  Imam£  Venera  15/16  radar  imaging  (1)  overlaps  the  far  north  and  northeast  comer  of  our 
study  area  (Figure  1).  A number  of  sub-parallel  ridges  are  located  in  the  overlap  region  between  latitudes  of 
25  N and  40'  N and  longitudes  2’  E and  10’  E.  These  ridges  are  located  near  the  flanks  of  the  broad 
topographic  rise  in  low  lying  plains.  The  ridges  show  a relatively  uniform  spacing  of  20  km  and  parallel  the 
NNW  trend  of  high  topography  along  the  eastern  edge  of  Western  Eisila  Regio  suggesting  they  are 
structurally  controlled.  Between  latitudes  of  35’  N and  40’  N and  longitudes  of  5'  E and  10’  E,  the  ridge 
pattern  becomes  chaotic.  This  area  corresponds  closely  to  the  point  where  the  general  trend  of  high 
topography  changes  from  a NNW  direction  to  EW.  The  ridges  closest  to  the  flanks  of  the  topographic  rise  do 
not  have  radar  shadows,  suggesting  that  they  are  scarps,  possibly  associated  with  normal  faulting.  Further  to 
the  east,  radar  shadows  are  present  and  may  be  associated  with  ridge  formation  due  to  the  rotation  of  blocks 
along  low  angle  normal  faults. 

LQR  Examination  of  line-of-sight  (LOS)  gravity  data  shows  Western  Eisila  Regio  to  be 

characterized  by  a maximum  positive  anomaly  of  +35  mgal  at  a spacecraft  altitude  of  150  km.  An  analysis  of 
gravity  due  to  topography  at  spacecraft  altitude  (8)  predicts  an  anomaly  of  +40  mgal.  Using  this  information 
assuming  that  the  gravity  can  be  modeled  by  a single  wavelength  (X  = 3200  km),  and  incorporating  the 
method  of  Esposito  et  al„  (1982),  we  calculate  an  apparent  depth  of  compensation  for  Western  Eisila  Regio 
of  approximately  1000  km.  6 

Eormlional  model £ On  the  basis  of  our  observations  we  propose  two  models  to  explain  the  formation  of 
Western  Eisila  Regio:  1)  construction  and  crustal  thickening  due  to  volcanic  loading  in  the  absence  of  a 
thermal  anomaly  and  2)  doming  due  to  a thermal  anomaly  with  secondary  volcanism  forming  Sif  Mons  and 
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Gula  Mons.  The  presence  of  Sif  Mons  and  Gula  Mons  on  the  crest  of  a topographic  rise  suggests  a 
formational  mechanism  by  construction  and  crustal  thickening.  The  flows  radiating  from  Sif  Mons,  however 
are  of  limited  extent  and  appear  superimposed  on  the  domal  rise  suggesting  that  they  represent  a thin  veneer  ot 
material  and  that  constructional  volcanism  is  localized,  arguing  against  a thick  crust  built  up  of  volcanic 
deposits.  Mapping  shows  that  the  broad  topographic  rise  exhibits  properties  similar  to  material  forming  the 
surrounding  plains.  This  suggests  a formational  mechanism  by  uplifting  of  plains  rather  than  construction. 
The  ridges  in  the  lowlands  along  the  eastern  flanks  interpreted  to  be  associated  with  normal  faulting  form  a 
pattern  consistent  with  models  of  updoming  under  regional  extension  as  proposed  by  Withjack  and  Schemer, 
1982  The  estimated  apparent  depth  of  compensation  can  be  interpreted  in  terms  of  representing  a crustal  root 
or  dynamic  support  of  topography.  The  interpretation  of  the  ridges  forming  in  association  with  normal 
faulting  related  to  doming,  the  presence  of  plains  material  similar  to  adjacent  regions  on  the  domal  rise,  and 
the  interpretation  of  volcanic  deposits  as  being  a thin  veneer,  along  with  the  deep  apparent  compensation 
argue  for  a model  of  formation  related  to  doming  due  to  a thermal  uplift.  Similar  models  have  been  proposed 
for  Beta  Regio  (9,4),  Bell  Regio  (11),  and  Atla  Regio  (6).  In  a global  context,  the  equatorial  region  of  Venus 
appears  to  be  the  site  of  mantle  upwelling  and  extension  forming  domal  rises  along  with  being  the  site  ot 
possible  crustal  accretion  (5).  The  highland  of  Ishtar  Terra  in  the  north  polar  region,  on  the  other  hand  is 
characterized  by  large  scale  compression,  forming  high  topography  through  thrust  faulting  and  crustal 
thickening  (2,3). 
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Figure  1.  Pioneer  Venus  topography  of  Western  Eisila  Regio.  Data  is  contoured  at  200  m intervals.  Two 
peaks,  Sif  Mons  (S)  and  Gula  Mons  (G),  interpreted  to  be  volcanoes  are  located  on  the  crest  of  a broad 
topographic  rise.  The  dotted  line  marks  the  southern  extent  of  Venera  15/16  image  coverage. 
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Synthesis  of  Venus  Equatorial  Geology:  Variations  in  Styles  of  Tectonism  and 

Volcanism  and  Comparison  with  the  Northern  High  Latitudes  D.  A.  Senske  and  J.  W.  Head, 
Department  of  Geological  Sciences,  Brown  University,  Providence,  RI 02912. 

Introduction.  Geologic  mapping  from  Pioneer  Venus  (PV)  radar  image  data  shows  that  the  equatorial 
region  of  Venus  (15°  S to  45°  N)  is  characterized  by  seven  distinct  physiographic  units  along  with  four  classes 
of  tectonic  and  volcanic  features  (1,2).  The  northern  15°  of  the  PV-imaged  region  overlaps  Venera  15/16  radar 
image  data  (3)  allowing  correlations  to  be  made  between  units  mapped  in  both  data  sets.  This  correlation 
facilitates  the  extrapolation  of  Venera  units  into  the  equatorial  region.  In  this  paper  an  analysis  is  made  of  the 
region  of  overlap  between  the  two  radar  images,  examining  the  correspondence  between  units  mapped  in  the 
northern  high  latitudes  with  those  in  the  equatorial  region.  We  also  examine  the  spatial  distributions  and 
geologic  relationships  of  the  different  equatorial  units. 

Analysis  of  the  Region  of  Venera  15/16  and  PV  image  Overlap.  Six  of  the  units  mapped  in 
the  equatorial  region  are  found  in  the  region  of  overlap  with  Venera  data:  plains  (undivided),  upland  rises, 
tectonic  junctions,  inter-highland  tectonic  zones,  upland  plateaus,  and  coronae.  Plains  units  (undivided)  are 
radar-dark  to  mottled  dark  regions  of  low  topography  corresponding  to  Venera  units  mapped  as  smooth  plains 
and  rolling  plains  (3,4).  This  is  the  most  pervasive  geologic  unit  on  the  planet,  covering  approximately  70%  of 
both  the  equatorial  region  and  the  northern  high  latitudes  (4).  The  PV  units  defined  as  unland  rises  and  the 
ISCtQnic  junction  of  Beta  Regio  correspond  to  the  general  Venera  unit  of  large  dome-like  uplands.  On  the  basis 
of  stratigraphic  relations  between  radar  units  and  analysis  of  LOS  gravity  data,  both  of  these  units  are  interpreted 
to  be  associated  with  doming  and  thermal  uplift  (1,5,6).  An  additional  large  dome- like  upland  corresponds  to  the 
northern  extension  of  an  inter-highland  tectonic  zone  located  at  northern  Ulfrun  Regio,  and  is  characterized  by  a 
central  graben  structure  and  volcanic  peaks.  Two  distinct  regions  of  upland  plateaus  are  found  in  the  equatorial 
region:  the  first  is  located  in  the  vicinity  of  Aphrodite  Terra,  and  the  second  on  the  east  and  west  flanks  of  Beta 
Regio.  The  large  upland  plateau  of  Tellus  Regio,  located  to  the  north  of  Aphrodite  Terra,  has  been  mapped  as 
tessera  from  Venera  imaging  (3).  In  addition  to  Tellus,  correlations  with  the  upland  plateau  unit  have  been  made 
between  two  smaller  areas  of  tessera,  Shimti  Tessera  and  Kutue  Tessera,  which  are  located  to  the  east  of  Tellus. 
On  the  basis  of  these  correlations  and  the  distinctive  characteristics  of  tessera  (elevated  topographic  plateau,  high 
roughness,  low  reflectivity,  highly  diffuse  scattering)  (1,2),  the  southward  continuation  of  mapping  into  the 
equatorial  region  suggests  the  presence  of  a tessera-like  upland  plateau  along  the  northern  flank  of  Thetis  Regio 
(1).  The  upland  plateau  on  the  eastern  flanks  of  Beta  Regio  has  recently  been  studied  from  high  resolution 
Arccibo  images  (1,7),  and  has  been  shown  to  possess  a complex  system  of  ridges  and  valleys  interpreted  to  be 
tessera-like  (1).  Two  coronae.  the  first  located  in  Bell  Regio  and  the  second  to  the  north  of  Sappho,  are 
identified  in  both  the  Venera  and  PV  image  data.  Within  the  PV  data  these  structures  are  characterized  by  locally 
elevated  topography,  narrow  radar-bright  discontinuous  rims,  and  radar-dark  interiors  (2).  Similar  characteristics 
are  observed  for  coronae  mapped  in  Mnemosyne  Regio  from  both  Arecibo  and  Venera  radar  images  (8).  On  the 
basis  of  this  characterization,  two  large  circular  features  interpreted  as  coronae  are  identified  in  the  area  imaged 
exclusively  by  PV.  The  first,  Pavlova,  is  located  in  Eastern  Eisila  Regio,  possesses  an  elliptical  shape  with 
dimensions  of  525  km  x 370  km,  and  is  characterized  by  a 50-km  wide  discontinuous  rim  which  exhibits  600  m 
of  relief.  The  discontinuous  part  of  the  rim  correlates  with  flanking  topographic  depressions  mapped  as  very 
dark,  that  possess  similarities  to  units  mapped  elsewhere  as  volcanic  plains.  The  second  (840  km  diameter) 
corona  is  located  to  the  south  of  Western  Eisila  Regio  (2.0°  N,  355.0°).  Like  Pavlova,  this  structure  is 
characterized  by  a discontinuous  rim  which  is  radar-bright  and  elevated  to  the  south  while  the  northern  rim 
possesses  no  topographic  relief  and  is  radar-dark  (1).  Stratigraphic  relations  between  the  rim  and  radar-dark 
interior  deposits  suggests  lava  flooding,  forming  plains,  has  occurred  in  the  interior  of  this  structure. 

Distribution  of  Equatorial  Highlands  On  the  basis  of  variations  in  structure  and  morphology,  the 
physiographic  units  are  divided  into  three  distinct  longitudinal  zones:  unland  rises  (330°  to  55°),  tectonically 
segmented  linear  highlandg-ppland  plateau?  (55°  to  145°),  and  inter-highland  tectonic  zones-tecro’nic  junctions 
(145°  to  315°).  The  zone  of  upland  rises  contains  two  highland  structures.  Bell  Regio  and  Eisila  Regio  whose 
volcanic  nature  has  been  previously  established  (4,9,10).  Eisila  Regio  is  characterized  by  three  distinct  regions, 
Western  Eisila  with  its  volcanic  peaks  Sif  Mons  and  Gula  Mons,  Central  Eisila  with  the  volcanic  peak  Sappho 
(11,12),  and  Eastern  Eisila  Regio  with  its  corona  structure,  Pavlova.  Detailed  analysis  of  Western  Eisila  Regio 
suggests  that  the  volcanoes  and  their  deposits  represent  a thin  veneer  of  material  superimposed  on  a broad 
topographic  high.  In  addition,  ridges  in  the  lowlands  along  the  eastern  flanks  of  Western  Eisila  Regio  are 
interpreted  to  be  normal  faults  (13)  whose  relation  to  high  topography  is  consistent  with  a model  of  uplift  under 
extension  (14).  This  arrangement  of  structures  and  association  with  volcanism  in  Western  Eisila  suggests 
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formation  by  doming  associated  with  thermal  uplift.  A similar  model  has  been  previously  proposed  for  Bell 
Regio  (9,10).  The  volcanic  nature  of  both  Central  Eisila  and  Eastern  Eisila  and  their  similarities  to  Bell  and 
Western  Eisila  suggests  that  these  features  may  also  have  formed  by  doming  and  thermal  uplift.  The  region  of 
tectonically  segmented  linear  highlands  and  upland  plateaus  is  made  up  of  the  highlands  of  Western  Aphrodite 
(Ovda  Regio  and  Thetis  Regio)  and  Tellus  Regio.  Previous  studies  of  the  tectonically  segmented  linear  highland 
of  Western  Aphrodite  show  it  to  be  characterized  by  bilaterally  symmetric  topography  and  an  en  echelon  central 
trough  offset  in  a right  lateral  sense  along  cross-strike  structural  and  topographic  discontinuities  (CSD  s) 

(15.16) .  The  structure  of  Western  Aphrodite  is  similar  to  that  of  terrestrial  mid-ocean  ridges,  and  has  on  this 
basis  been  interpreted  to  be  a site  of  possible  spreading  (15,16).  The  upland  plateaus  of  Tellus  Regio  and  the 
units  flanking  northern  Aphrodite  form  a second  distinctive  set  of  highland  features  in  the  equatorial  region  (2). 
The  location  of  an  upland  plateau  adjacent  to  Thetis  Regio,  a region  interpreted  to  be  the  site  of  crustal  spreading 

(15.16) ,  suggests  two  possible  models  for  upland  plateau  formation:  1)  the  upland  plateau  is  a preexisting  old 
crustal  block;  doming  and  rifting  analogous  to  that  of  old  terrestrial  continental  crust,  followed  by  spreading  as 
suggested  by  Head  and  Crumplcr  (1987)  (15),  have  split  the  block  and  formed  the  intervening  high  topography 
associated  with  Thetis:  2)  the  upland  plateau  originated  by  crustal  spreading.  In  this  second  model,  developed  by 
Sotin  et  al.,  (1988)  (17),  an  increase  in  mantle  temperature  and  associated  production  of  thicker  crust  created  the 
high  topography  in  central  Thetis  Regio.  The  region  of  inter-highland  tectonic  zones  and  tWtQniC  Itmctions  has 
previously  been  described  as  zones  of  extension  (18).  Unlike  the  upland  rises  and  tectonically  segmented  linear 
highlands,  which  are  predominantly  linear  features  striking  east-west,  the  inter-highland  tectonic  zones  have  a 
variety  of  orientations  forming  an  interconnecting  radial  pattern  between  tectonic  junctions  (2).  The  presence  of 
a bilaterally  symmetric  topographic  rise  with  a central  trough  offset  along  CSD's  suggests  that  the  inter- 
highland tectonic  zone  of  Eastern  Aphrodite  is  a site  of  rifting  and  crustal  spreading  (19).  This  and  other  inter- 
highland tectonic  zones  converge  at  tectonic  junctions.  Two  of  these  junctions.  Beta  Regio  and  Ada  Regio, 
have  been  interpreted  to  be  associated  with  deep  mande  thermal  anomalies  (1,5,6). 

Conclusions.  Examination  of  the  15°  overlap  region  between  the  Venera  and  PV  imaging  data  has 
allowed  a one-to-one  correlation  between  large-scale  features  in  the  two  data  sets  to  be  made.  On  the  basis  of 
this  correlation  and  the  characteristic  radar  properties  of  these  features,  it  is  possible  to  extrapolate  units  mapped 
in  the  northern  high  latitudes  into  the  equatorial  region.  We  make  four  major  conclusions  based  on  this 
mapping:  1)  Upland  Plateaus,  which  are  interpreted  to  be  tessera-like  tectonic  units,  cover  approximately  6%  of 
the  region  imaged  by  PV,  which  is  slightly  less  than  the  percentage  of  unit  area  mapped  as  tessera  in  the 
northern  high  latitudes.  2)  Tectonic  junctions,  tectonically  segmented  linear  highlands,  and  inter-highland 
tectonic  zones  are  unique  to  the  equatorial  region.  3)  The  equatorial  region  is  interpreted  to  be  characterized  by 
regions  of  high  topography  associated  with  thermal  uplift  (e.g.  hot  spots),  and  long  linear  zones  of  extension 
and  possible  crustal  spreading.  4)  In  contrast  to  the  equatorial  region,  the  northern  high  latitudes  are 
characterized  by  several  broad  zones  of  compression  forming  highlands  and  otogenic  belts  (20,21). 
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LAKSHMI  PLANUM:  A DISTINCTIVE  HIGHLAND  VOLCANIC  PROVINCE 

Kari  P.  Magee,  James  W.  Head,  Dept,  of  Geological  Sciences,  Brown  University,  Providence,  R.  I.  02912 


Introduction-  Lakshmi  Planum,  a broad  smooth  plain  located  in  western  Ishtar  Terra  and  containing  two  large  oval 
depressions  (Colette  and  Sacajawea),  has  been  interpreted  as  a highland  plain  of  volcanic  origin. Lakshmi  is  situated 
about  3 km  above  the  mean  planetary  radius  and  is  surrounded  on  all  sides  by  bands  of  mountains  interpreted  to  be  of 
compressional  tectonic  origin  (Fig.  1).^‘7  Four  primary  characteristics  distinguish  Lakshmi  from  other  volcanic 
regions  known  on  the  planet,  such  as  Beta  Regio:  1)  high  altitude,  2)  plateau-like  nature,  3)  the  presence  of  very  large, 
low  volcanic  constructs  with  distinctive  central  calderas  (Colette  and  Sacajawea),  and  4)  its  compressional  tectonic 
surroundings.  Building  on  the  previous  work  of  Pronin,^  the  purpose  of  this  study  is  to  establish  the  detailed  nature  of 
the  volcanic  deposits  on  Lakshmi,  interpret  eruption  styles  and  conditions,  sketch  out  an  eruption  history,  and  determine 
the  relationship  between  volcanism  and  the  tectonic  environment  of  the  region. 

Observations  and  Interpretations-  On  the  basis  of  our  detailed  mapping  we  have  compiled  a province  map  (Fig  1 .) 
that  illustrates  some  of  the  basic  characteristics  and  relationships  in  Lakshmi  Planum.  Mator  shields/calderas:  Two 
major  caldera  structures  (Colette, C;  Sacajawea;  S)  and  their  circumferential  low -shield-forming  flow  deposits  dominate  the 
region.  Colette  is  130  x 180  km,  elongated  in  a N-S  direction,  is  approximately  2 km  deep^  and  is  surrounded  by  an 
extensive  radiating  system  of  flows  having  an  average  width  of  15  km,  and  lengths  of  100-300  km.  The  shield 
structure  surrounding  Colette  is  about  500  x 700  km  in  dimension  and  descends  about  1 km  from  the  rim  to  the 
surrounding  plains.  Sacajawea  is  a 200  x 120  km  oval-shaped  depression  elongated  in  a SW-NE  direction,  approximately 
1 .5  km  deep,  and  lacks  the  distinct  radial  lobate  flow  patterns  of  Colette,  although  mottled  deposits  surrounding 
Sacajawea,  and  distinct  from  the  undivided  plains,  have  been  mapped  extending  about  300  km  from  the  center  of 
Sacajawea.  The  Sacajawea  shield  structure  (defined  by  the  caldera  and  the  surrounding  deposits)  is  very  low  (less  than  1 
km  from  the  rim  to  the  surrounding  plains).  On  the  basis  of  the  relative  crispness  and  distinctiveness  of  the  flows  and 
structures  comprising  the  Colette  shield,  it  is  interpreted  to  be  younger  than  Sacajawea.^*^  Elsewhere,  we  describe  the 
characteristics  and  relationships  of  Colette  and  Sacajawea  calderas. 

A wide  range  of  additional  structures  interpreted  to  be  volcanic  source  vents  have  been  mapped  including:  1)  domes 
and  cones,  which  range  from  1-50  km  in  diameter  and  include  small  cones  (<10  km  diameter)  scattered  throughout  the 
region;  small  domes  (10-15  km  in  diameter)  sometimes  containing  summit  depressions  and  apparently  preferentially 
located  in  association  with  strucutral  features  (e.g.,  inside  Colette,  along  a rift  associated  with  Sacajawea,  and  within  the 
Ridged  Terrain);  and  low  shields,  up  to  75  km  across,  almost  indiscemable  topographically,  and  containing  a summit 
pit;  2)  Diffuse  halo  (Fig.  1,  [1]);  SE  from  Colette  is  a large,  dark  semicircular  feature  about  50  km  in  diameter  surrounded 
by  an  elongated  halo  of  diffuse  radar -bright  deposits  that  are  apparently  superimposed  on  the  more  distinct  flow  deposits 
of  Colette.  The  diffuse  character,  the  lack  of  distinctive  lobate  patterns,  the  elongation  and  the  superposition  of  the 
deposits  suggest  that  they  may  be  of  pyroclastic  origin;  3)  Vent  Complex  (Fig.  1,  [2]);  flanking  Sacajawea  to  the  S-SW 
is  a very  broad  (~200  km  diameter)  radar-bright  feature  of  seemingly  negligible  height  that  appears  to  be  a localized 
center  of  volcanism  characterized  by  very  mottled  lobate  flow  deposits  which  become  more  continuous  towards  a central 
region  which  contains  at  least  four  15  km  wide  depressions. 

Plains  units  dominate  the  surface  of  Lakshmi  and  are  interpreted  to  be  volcanic  on  the  basis  of  their  embayment 
relationships,  their  flatness  and  uniform  albedo,  and  their  association  with  volcanic  source  vents.  Undivided  Plains  units 
(PU)  are  characterized  as  smooth  low-albedo  plains  in  which  individual  flow  features  are  not  seen  in  either  Venera  15/16 
or  Arecibo  data.  They  cover  a large  part  of  Lakshmi,  and  may  be  derived  from  the  major  shields,  from  the  numerous 
domes  and  cones,  or  from  presently  buried  sources.  Grooved  Plains  (PG)  occur  in  a single  patch  about  150  km  to  the 
north  of  Sacajawea  and  are  typified  by  very  finely  spaced  furrows  or  grooves  arranged  in  sweeping  curvilinear  sets 
trending  generally  N-S  but  frequently  curving  to  the  NE  or  NW.  This  system  of  faults^  appears  to  be  extensional  in 
origin,  and  is  embayed  by  Sacajawea  deposits  and  undivided  plains.  Ridged  Plains  (PR)  are  defined  by  faint  bright 
lineaments  on  plains  material  arranged  in  subparallel  sets  that  follow  the  borders  of  the  planum  or  trend  S-SE  across  it. 

On  the  basis  of  the  ridge-like  nature  of  some  of  these  bands,  and  their  association  with  the  compressional  deformation  in 
the  surrounding  erogenic  belts,  we  have  interpreted  them  to  be  of  compressional  origin.  The  parallelism  of  many  of 
these  ridged  units  with  the  adjacent  orogenic  belts,  and  the  general  tilting  of  the  ridged  plains  away  from  the  mountains, 
strongly  suggest  that  the  plains  have  been  involved  in  at  least  the  latter  phases  of  deformation  producing  the  orogenic 
belts. 


Structural  features  and  units  occur  within  the  plains,  as  well  as  dominating  the  surrounding  mountains.  Ridged 
Terrain  (RT)  is  characterized  by  a very'  rough-textured  system  of  ridges  and  grooves  and  is  concentrated  in  east  central 
Lakshmi  where,  in  at  least  one  occurrence,  the  ridges  and  grooves  are  arranged  in  rhomboidal  sets  with  the  small  angle 
subtending  about  35°  and  the  bisectrix  oriented  about  N35°W.  Virtually  all  other  units  are  superposed  on  or  embay  RT, 
and  we  thus  concur  with  Pronin^  that  this  unit  is  representative  of  an  episode  of  deformation  early  in  the  history  of 


30 


Lakshmi  Adjoining  Sacajawea  lo  the  SE  is  a system  of  linear  features  interpreted  by  Pronin-  to  be  fault  scarps  wi 
characteristics  similar  to  graben,  at  least  one  of  which  contains  a volcanic  dome.  This  may  be  a flanking  nft  zone 
similar  to  those  occurring  on  Hawaii.  In  addition,  a series  of  domes  and  cones  appear  to  be  arrayed  m a preferred 
orientation,  trending  E-SE  along  a line  connecting  Colette  and  Sacajawea. 

C1W™C  stvle:  The  range  of  deposits  and  structures  mapped  in  Lakshmi  Planum  indicates  that  the  regionis  ^ 
dominated  by  at  llast  three  styles  of  volcanism:  a)  centralized  effusive,  very  large  low  shield  structures  (>500  km)  wi 
numerous^ long  flows  and  exUemely  large  calderas*  (100-200  km);  b)  distributed  effusive,  with  a wide  range  of  source 
vents  most  typically  forming  cones  and  domes  in  the  1-50  km  diameter  size  range;  although  dispersed  throughou 
Lakshmi,  many  are  localized  along  structural  trends;  on  the  basis  of  their  radar  ch^actensucs  ^ 
deposits  appear  lo  be  relatively  smooth  at  scales  of  decimeters  to  meters;  c)  possible  PYIWliSllC.  represemeo  oy  1 
Diffuse  hST;  if  further  mapping  confirms  a pyroclastic  origin,  this  would  imply  the  presence  of  volatile-nch  m g 

°n  9tTL.nce  and  Geologic  History:  Formation  of  the  Ridged  Terrain  was  followed  by  emplacement  of  plains  which 
were  subsequently  deformed  to  produce  die  Grooved  Plains  N of  Sacajawea.  Sacajawea  WaS  " 
embayed  the  Grooved  Plains  and  Ridged  Plains.  The  Vent  Complex  postdated  Sacajawea  and  some  PU.  but  'tsageisno 
known  relative  to  younger  deposits.  Colette  and  its  associated  flows  were  formed  subsequent  to  Sacajawea,  and 1 1 1 
tow!  if  activity  in  the  two  Junctures  overlaps  in  time.  The  Diffuse  Halo  appears  to  postdate  Colette.  Ridged  Plains 
appear  to  have  formed  throughout  the  history  of  Lakshmi,  apparendy  deforminc  in  response  to  compressional 
deformation  and  regional  tilting  in  the  adjacent  mountain  ranges.  Ivanov  et  have  argued  that  die  radar  bnghmess 
(decimeter  to  meter  scale  roughness)  associated  with  fresh  impact  crater  haloes  is  lost  by  a smoothing  process  after  abou 
120-250  my.  If  this  is  true,  and  bright  units  on  Lakshmi  have  a similar  roughness,  then  this  may  imply  that  at  least 

some  of  the  volcanism  occurred  relatively  recently.  . . 

3)  Relation  to  Tectonic  Deformation:  There  is  abundant  evidence  for  the  synchromcity  of  volcanism  and  tectomsm 
(elongation  of  calderas,  rift  zones  adjacent  to  calderas,  associadon  of  domes  and  cones  with  preexisting  structure 
Grooved  Plains,  Ridged  Plains  of  various  ages  and  orientations,  etc.).  Further  analysis  is  required  to  de  rmin 
sequence  of  deformation  in  the  adjacent  orogenic  belts  and  its  link  to  Lakshmi  volcanic  history,  but  it  tentaUvely 
aoDears  that  the  center  of  volcanism  has  migrated  from  east  to  west  during  the  history  of  Lakshmi.  4) 
Eimivsnsss  of  Lakshmi  Planum:  Our  studies  further  emphasize  the  unique  nature  of  Lakshrm  Planum  m terms  of  its 
compressional  tectonic  environment,  altitude,  and  presence  of  large  low  shields  with  extremely  large  calderas.  No  ot 

such  volcanic  province  has  yet  been  identified  on  Venus. 

5)  Origin  nf  l.alrshmi  Planum:  On  the  basis  of  the  presence  of  distributed  regional  compressional  deformation 
surrounding  Lakshmi  Planum,0-''11'12  the  sense  of  tectonic  transport  in  toward  Ukshm,  from  the  north  and  the  ^ 
east,12  the  evidence  for  crustal  thickening  in  Freyja  and  Maxwell  Montes  in  excess  of  several  tens  of  kilometers, 
and  the  topographic  elevation  of  the  plateau  itself,  we  interpret  Lakshmi  Planum  to  be  the  locus  of  convergence  and 
crustal  thickening,  and  the  volcanic  activity  there  to  be  linked  to  melting  associated  with  processes  of  “n^rgence  an 
crustal  thickening.  This  model  is  in  contrast  to  that  of  Prornn,5  who  attributes  the  volcanism  to  a large  hot  spot 
upwelling  below  Lakshmi,  and  spreading  laterally  to  cause  the  surrounding  deformation. 

References:  (1)  H.  Masursky,  et  al.  (1980)  JGR,  Si.  8232;  2)V.  Barsukov,  et  al.  (1986)  JGR  2L  D378;  3)A. 
Basilevsky,  et  al.  (1986)  JGR,  21,  D399;  (4)  E.  Stofan  et  al.  (1987)  Earth,  Moon  38. 183;  5)  ^ Pronin  (1986) 
Geotectonica,  4, 26  (in  Russian);  6)  Campbell  et  al.  (1983)  Science.  221.  644;  7)  Crumpler  er al  (1986) 

Geology  14  1031;  8)  Magee  and  Head  (1988)  Lunar  Planet.  Sci„  XK,  711;  (9)  Head  and  Wilson  (1986). JGR, 

91.  9407;  10)  B.  Ivanov,  et  al. , (1986)  JGR,  21,  D413;  11)  Head  (1988)  Lunar  Planet.  Sci„  XJX.  467;  12)  Vorder 
Bruegge  and  Head  (1988)  Lunar  Planet.  Sci.,  XJX»  1220. 

Figure  1.  Province  map  of  Lakshmi  Planum.  See  text  for  explanation.  Lines  outside  of  Lakshmi  Planum  indicate 
structural  trends  in  adjacent  deformed  terrain. 
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MULTI-STAGE  TECTONIC  EVOLUTION  OF  EASTERN  ISHTAR  TERRA,  VENUS. 

R.W.V order  Bruegge  and  J.W.  Head,  Dept,  of  Geo.  Sci.,  Brown  Univ.,  Providence,  RI  02912. 

Introduction:  Previous  analyses  have  established  the  compressional  nature  of  the  Maxwell  Montes 
mountain  range  [1-6]  and  the  adjacent  high  plateau  of  western  Fortuna  Tessera  [6-10]  on  Venus.  This 
compression  has  been  interpreted  as  resulting  from  WSW-directed  convergence  of  crustal  materials 
accompanied  by  crustal  thickening,  and  involving  small-scale  folding  and  buckling  [5-10].  In  order  to 
integrate  these  findings  with  the  surrounding  areas,  this  study  has  been  extended  to  include  all  of  Fortuna 
Tessera.  From  this  analysis  a scenario  has  been  constructed  describing  the  tectonic  evolution  of  the  entire 
eastern  half  of  the  Ishtar  Terra  highland  region. 

Observations:  Ridge/valley  pairs,  individual  troughs,  and  large-scale  scarps  have  been  mapped  in 
Eastern  Ishtar  Terra  (Figure  1).  Three  distinctive  regions  have  been  identified  from  analysis  of  these 
features:  1)  Maxwell  Montes  and  western  Fortuna  Tessera,  which  is  dominated  by  NNW -trending 
ridge/valley  pairs;  2)  Central  and  Northern  Fortuna  Tessera,  which  is  dominated  by  both  large, 
WNW-trending  scarps  and  WNW-trending  ridge/valley  pairs,  which  gradually  change  to  NNW-trends  in 
easternmost  Fortuna;  and  3)  Southeastern  Fortuna  Tessera,  which  is  characterized  by  a complex  pattern  of 
intersecting  ridges,  valleys,  and  troughs.  The  topography  of  these  regions  is  shown  in  Figure  Id.  In  both 
Maxwell/westem  Fortuna  and  northern  Fortuna,  the  ridge/valley  pairs  approximately  parallel  the 
topographic  contours  along  gradual  slopes  to  the  east  and  north,  respectively.  Northern  Fortuna,  however, 
is  also  characterized  by  steep,  NNE-facing  topographic  scarps  with  up  to  2 km  of  relief.  Finally,  the 
topography  of  southeastern  Fortuna  is  a broad,  NW-trending  arch.  Unlike  the  other  two  regions,  ridges  here 
do  not  parallel  the  topographic  contours,  but  NW-trending  troughs  parallel  the  crest  of  the  topographic 
arch. 

Interpretations:  We  examine  the  relationship  between  morphology  and  topography  in  these  regions 
as  an  aid  in  interpreting  their  tectonic  evolution.  A correlation  between  large-scale  topography  and  the 
tectonic  fabric  of  ridges  is  observed  in  western  Fortuna  Tessera  and  is  interpeted  to  be  due  to 
WSW-directed  compressional  deformation,  accompanied  by  crustal  convergence  and  thickening,  resulting  in 
the  formation  of  Maxwell  Montes  and  the  high  plateau  to  its  immediate  east  [7,8].  The  predominance  of 
WNW-oriented  ridges  and  large  scarps  in  northern  Fortuna  Tessera  and  their  correspondence  to  steep 
topography  falling  off  to  the  NNE  is  similar  to  features  and  topography  observed  north  of  Freyja  Montes, 
which  has  been  interpreted  as  a region  of  large-scale  compression,  including  flexure,  buckling,  and  crustal 
imbrication  [1 1].  Note  that  the  pattern  of  WNW-oriented  ridges  and  scarps,  along  with  the  steep 
topographic  drop  off  to  the  NNE,  occurs  along  ih£  entire  northern  flank  of  Eastern  Ishtar  Terra.  This 
suggests  that  the  entire  northern  flank  of  Eastern  Ishtar  Terra  is  undergoing  SSW-directed  crustal 
convergence  involving  large-scale  crustal  buckling  and  imbrication,  with  the  plains  areas  to  the  north 
underthrusting  northern  Fortuna  Tessera,  as  suggested  for  Western  Ishtar  Terra,  north  of  Freyja  Montes 
[11]. 

The  final  region,  southeastern  Fortuna  Tessera,  represents  a more  complex  picture  with  its  range  of 
typical  tessera  morphology  of  intersecting  ridges  and  troughs  [3,4,12].  Bindschadler  and  Head  [12] 
identified  three  subtypes  of  tessera  and  all  three  of  these  can  be  recognized  in  southeastern  Fortuna 
Tessera:  Sub-parallel  Ridged  Terrain  near  60°E/70°N;  Trough  and  Ridge  Terrain  near  65°E/69°N  and 
51°E/69°N;  and  Disrupted  Terrain  in  the  region  40-50°E/65-70°N.  The  relationship  between  these 
subtypes  is  uncertain,  however,  we  note  that  transitions  from  one  subtype  to  another  in  this  region  occur 
gradually,  as  does  the  transition  from  the  disrupted  (tessera)  terrain  in  southeastern  Fortuna  to  the 
sub-parallel  ridges  in  northern  Fortuna.  A similar  gradual  transition  of  morphology  is  observed  from 
central  Fortuna  to  Maxwell  Montes  [7,8,10].  In  this  case,  the  WSW-compression  appears  to  be  taking  place 
at  the  expense  of  the  basic  tessera  pattern  in  central  Fortuna  with  Disrupted  Terrain  being  modified  into 
Sub-parallel  Ridged  Terrain  [10].  The  gradual  south-to-north  transition  from  the  basic  tessera  pattern  of 
southeastern  Fortuna  to  the  sub-parallel  ridges  in  northern  Fortuna  Tessera  is  interpreted  to  be  due  to  a 
similar  process  in  which  SSW-compression  in  northern  Fortuna  occurs  from  the  north,  so  that  the  basic 
disrupted  tessera  terrain  is  interpreted  as  the  original  fabric  of  these  areas.  The  origin  of  this  basic 
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tessera  terrain,  however,  is  uncertain  [13]. 

Sequence:  Since  both  the  WSW-  and  SSW-directed  compressional  events  appear  to  have  taken  place  at 
the  expense  of  the  basic,  disrupted  tessera  terrain,  then  the  formation  of  tessera  areas  is  interpreted  to  be 
the  first  event.  Some  large  WNW-trending  arches  and  swales  appear  to  disrupt  NNW-trending  ridges  in 
northwestern  Fortuna,  indicating  that  the  WSW-compression  in  western  Fortuna  preceded  the  SSW 
compression  in  northern  Fortuna.  This  sequence  of  deformation  is  depicted  in  Figure  2.  The  first  event 
was  tessera  formation  (1),  followed  by  WSW-convergence  involving  small-scale  folding  and  buckling,  along 
with  crustal  thickening  resulting  in  Maxwell  Montes  and  western  Fortuna  Tessera  (2).  The  third  event  was 
the  SSE-convergence  with  large-scale  buckling  and  crustal  imbrication  in  Northern  Fortuna  Tessera  (3). 

Thus,  multiple  stages  and  directions  of  deformation  can  be  distinguished,  but  the  degree  to  which  they  may 
overlap  in  time  is  yet  to  be  determined. 

References:  1)  D.B.  Campbell  et  ai,  (1983)  Science , 221, 644.  2)  S.C.  Solomon  & J.W.  Head  (1984) 
J.G.R.,  89,  6885.  3)  V.L.  Barsukov  et  al , (1986)  J.G.R. , 91,  378.  4)  A.T.  Basilevsky  et  alt  (1986)  J.G.R.,  91, 

401.  5)  R.W.  Vorder  Bruegge  et  al (1988)  Orogeny  and  large-scale  strike-slip  faulting:  Tectonic  evolution 
of  Maxwell  Montes,  Venus,  submitted  to  J.G.R.  6)  L.B.  Ronca  and  A.T.  Basilevsky  (1986)  Earth, Moon,  and 
Planet .,  36,  23.  7)  R.W.  Vorder  Bruegge  & J.W.  Head  (1988)  LPSCXIX  (abs.),  1218.  8)  R.W.  Vorder  Bruegge  & 
J.W.  Head  (1988)  LPSCXIX  (abs.),  1220.  9)  R.W.  Vorder  Bruegge  & J.W.  Head  (1988)  EOS  (abs.),  1295.  10) 
R.W.  Vorder  Bruegge  & J.W.  Head  (1989)  Fortuna  Tessera,  Venus:  Evidence  of  horizontal  convergence  and 
crustal  thickening,  in  preparation.  1 1)  J.W.  Head  (1988)  LPSC  XIX  (abs.)  467.  12)  D.L.  Bindschadler  and 
J.W.  Head  (1988)  LPSC  XIX  (abs.)  76.  13)  D.L.  Bindschadler  and  J.W.  Head  (1988)  LPSC  XIX  (abs.)  78. 

Figure  1.  a.  Sketch  map  of  individual  ridge  segments  in  Eastern  Ishtar  Terra,  b.  Map  of  ridge 
groupings  with  similar  orientations,  c.  Sketch  map  showing  troughs  and  scarps,  d.  Topographic  map  of 
Eastern  Ishtar  Terra  from  Venera  15/16.  Figure  2.  Sequence  of  deformation  in  Eastern  Fortuna  Tessera. 

Arrows  indicate  convergence  or  extension,  numbers  indicate  sequence  of  events  with  1 first,  2 second,  etc., 
where  possible. 

- EASTERN  ISHTAR  TERRA 
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SPACING  OF  RIDGE  BELTS  IN  THE  PLAINS-RIDGE  BELT  ASSEMBLAGE:  VENUS. 

Sharon  L.  Frank  and  James  W.  Head,  Department  of  Geological  Sciences,  Brown  University, 
Providence  Rl,  02912. 


Introduction:  Ridge  belts,  first  identified  in  the  Venera  15/16  images  (1,2)  are  a 
common  tectonic  feature  in  northern  Venus.  Between  0°E  and  90°E  in  the  Tessera-Ridge  Belt 
assemblage  (3),  the  ridge  belts  form  an  orthogonal  pattern  surrounding  large  blocks  of 
tesserae,  while  in  the  Plains-Ridge  Belt  assemblage,  between  150°E  and  250°E  , the  belts 
trend  predominantly  N-S,  occasionally  coalescing  and  dividing  to  form  a fan  pattern  (Fig.  1) 
(3,4).  The  origin  of  these  ridge  belts  is  a matter  of  controversy,  with  both  compressional 
origins  (2,5)  and  extensional  origins  (6,7,8)  proposed.  We  have  measured  the  spacing  of 
the  ridge  belts  in  the  fan  region  and  present  the  data  here,  with  some  preliminary 
applications  to  the  mode  of  formation  of  these  belts. 

Approach:  We  first  outlined  the  extent  of  the  ridge  belts  in  the  fan  area,  and  defined  the 
center  crest  of  each  belt.  In  places  where  two  belts  merge  to  form  a wider  belt  and  then 
separate  again,  we  defined  the  crest  of  each  through-going  belt  separately  to  retain  the 
continuity  of  the  belts.  Where  two  belts  merge  into  one  and  form  a belt  about  the  same  width 
as  the  widest  of  the  two  belts,  each  belt  was  considered  to  be  separate  until  the  two  belts 
coalesce,  at  which  point  only  the  crest  of  the  most  prominent  belt  was  considered.  The 
distance  between  crests  was  then  measured  along  lines  of  latitude  at  2.5°  intervals.  The 
average  spacings  were  determined  as  a function  of  latitude  and  longitude,  and  compared  with 
the  width  of  the  fan  and  the  number  of  belts  with  latitude. 

Results:  The  data  are  summarized  in  Figs.  2-4.  Fig.  2 shows  that  the  spacing  of  belts  is 
clustered  between  300  and  450  km,  and  the  spacings  are  skewed  towards  the  longer 
wavelengths.  The  average  value  of  these  60  measurements  is  393  km,  with  a standard 
deviation  of  138  km.  This  value  is  higher  than  the  300  km  obtained  earlier  (9),  using 
only  the  western-most  belts.  The  number  of  belts  and  the  width  of  the  fan  both  decrease 
from  50° N to  80°N  (Fig.  3),  as  one  would  expect  from  the  fan  pattern.  However,  the  fan 
shape  is  probably  not  strictly  due  to  more  ridge  belts,  as  the  spacing  between  belts  also 
appears  to  increase  towards  lower  latitudes  (Fig.  4a)  with  a correlation  coefficient  for  the 
best-fit  line  of  -0.63.  The  major  deviant  from  this  trend  is  the  southernmost  point.  This 
point  is  also  anomalous  because,  as  shown  in  Fig.  3,  south  of  50°N  the  fan  pattern  no  longer 
increases  in  width  or  number  of  ridge  belts,  and  belts  become  less  well  defined  as  one  moves 
south  from  50°N.  Therefore,  when  we  eliminate  this  anomalous  data,  the  trend  is  much 
clearer,  and  has  a correlation  coefficient  of  -0.89.  Fig.  4b  shows  a possible  increase  in 
spacing  to  the  east  in  the  fan,  with  a correlation  coefficient  of  0.70. 

Discussion  and  Conclusions:  These  data  add  constraints  to  the  origin  of  the  fan  of  belts; 
any  model  which  relates  to  the  formation  of  the  ridge  belts  must  explain  the  apparent 
increase  in  spacing  to  the  south  and  east  in  this  assemblage.  The  regular  spacing  of  the  belts 
observed  by  Zuber  (9)  is  confirmed,  but  the  spacing  is  larger  than  she  observed,  and 
several  belts  have  a much  larger  spacing.  This  regularity  of  spacing  has  been  explained  by 
unstable  compression  or  extension  of  the  venusian  lithosphere  (9),  and  by  elastic  buckling 
(10).  The  variation  in  spacing  observed  here  could  be  due  to  inhomogeneities  in  the  crustal 
thickness,  as  Zuber  (11)  has  shown  that  the  crustal  thickness,  and  thus  the  isostatic 
elevation,  could  affect  the  wavelength  of  the  ridge  belts  under  either  extension  or 
compression.  However,  while  some  topographic  variation  exists  locally  within  this 
assemblage  (~2  km  overall),  there  is  no  distinct  trend  in  topography.  Higher  resolution 
topography  may  show  a trend  which  could  explain  the  observations  above.  The  other 
proposed  origin  which  can  be  addressed  using  these  data  is  the  spreading  model  (6,7,8). 
Sukhanov  & Pronin  argue  that  all  of  the  ridges  belts  in  the  Plains-Ridge  Belt  assemblage 
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were  formed  by  extension,  and  cite  three  possible  models  by  which  this  may  have  occurred 
(8).  Of  these,  the  one  that  can  be  addressed  with  the  data  presented  here  is  that  in  which 
spreading  has  occurred  down  the  middle  of  the  region,  splitting  Metis  and  Atalanta  apart 
(6,8).  If  this  is  the  case,  the  above  data  show  that  the  spreading  was  more  rapid  in  the 
south,  resulting  in  larger  spacing,  and  perhaps  has  been  active  for  longer  there  to  produce 
more  belts.  Furthermore,  if  the  increase  in  spacing  to  the  east  is  a true  trend,  the  spreading 
would  have  to  be  asymmetric  over  a long  period  of  time.  We  are  presently  studying  the 
morphology  and  structure  of  these  belts  in  order  to  test  these  hypotheses  further. 

References:  (1)  Barsukov,  et  al  (1986)  JGR  91,  D378-D398.  (2)  Basilevsky,  et  al 
(1986)  JGR  91,  D399-D411.  (3)  Head  (1989)  LPSC  XX,  392-393.  (4)  Frank  & Head 
(1988)  LPSC  XIX,  348-349.  (5)  Frank  & Head  (1988)  LPSC  XIX,  350-351.  (6) 
Sukhanov  (1987)  LPSC  XVIII,  974-975.  (7)  Sukhanov  & Pronin  (1988)  LPSC  XIX, 
1143-1144.  (8)  Sukhanov  & Pronin  (1989)  Proc.  LPSC  XIX  (in  press).  (9)  Zuber 
(1987)  Proc.  LPSC  XVII,  E541-E551.  (10)  Banerdt  & Golombek  (1988)  JGR  93,  4759- 
4772.  (11)  Zuber  (1987)  LPSC  XVIII,  1140-1141. 
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Fig.  1:  Ridge  belts  in  Plains-Ridge  Belt  assemblage. 


Ridge  Crest  Spacing 


Fig.  2:  Histogram  of  ridoe  crest  spacing  in  Plains- 
Ridge  Belt  assemblage. 
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Spacing  (Nm) 


Width  of  Fan  and  Number  of  Ridge  Belts 
with  Latitude 


Fig.  3:  Width  of  tan  and  number  of  ridge  belts  as  a 
function  of  latitude.  (South  of  50°N  there  are  large 
gaps  in  the  data.  The  width  measurements  include  the 
width  of  this  gap,  but  the  number  of  ridge  belts  is  that 
oniy  in  the  regions  for  which  there  is  coverage.) 
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Fig.  4:  (a)  Crest  spacing  as  a function  of  latitude, 
(b)  Crest  spacing  as  a function  longitude.  Error  bars 
represent  ±1  standard  deviation 
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INFLUENCE  OF  VOLATILE  LOSS  ON  THE  MANTLE  TEMPERATURE 
OF  VENUS. 

Patrick  J.  McGovern  and  Sean  C.  Solomon,  Department  of  Earth,  Atmospheric,  and 
Planetary  Sciences,  Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139. 

Introduction.  Determination  of  the  characteristic  mantle  temperature  of  Venus  relative 
to  that  of  Earth  is  a problem  with  many  important  implications  for  the  divergent  evolution  of 
these  two  planets.  Parameterized  mantle  convection  models  [1]  have  been  utilized  to  predict  a 
warmer  mantle  temperature  on  Venus,  while  scenarios  based  on  plume-dominated  convection 

[2]  have  been  invoked  to  predict  a colder  Venus  mantle.  An  important  difference  between 
Earth  and  Venus  is  the  disposition  of  volatiles  (especially  water)  in  their  atmospheres  and 
interiors.  In  this  paper  a parameterized  convection  model  which  includes  the  effect  of  volatile 
exchange  between  planetary  atmosphere  and  interior  [3]  is  used  to  examine  the  effects  that 
possible  differences  in  volatile  evolution  may  have  had  on  the  thermal  histories  of  the  two 
planets. 

Model.  In  the  spirit  of  conducting  exploratory  calculations  of  the  principal  effects  of 
volatile  evolution,  the  thermal  history  model  is  kept  very  simple.  We  consider  whole  mantle 
convection  with  internal  heating  from  the  decay  of  radiogenic  elements  and  no  heat  flow  from 
the  core  [4],  Dissolved  volatiles  have  been  demonstrated  to  reduce  the  activation  energy  (or 
equivalently  the  activation  temperature  [41)  for  solid-state  creep  in  mantle  rocks  [5,6].  A 
"wet"  mantle  thus  has  a lower  viscosity  than  a "dry"  one.  A linear  fit  to  laboratory  data  [6] 
has  been  used  to  parameterize  activation  temperature  as  a function  of  mantle  volatile  content 

[3] ,  Mantle  degassing  and  regassing  rates  are  parameterized  as  functions  of  the  heat  flow  q 
from  the  mantle.  We  then  solve  for  both  volatile  content  and  mean  mantle  temperature  as 
functions  of  time. 

Results.  We  reference  our  results  to  a nominal  Earth  case  [3]  in  which  about  1.5  ocean 
masses  (o.m.)  of  volatiles  are  degassed  over  4.6  Gyr.  The  evolution  of  mean  mantle 
temperature  with  time  in  this  model  is  shown  in  Figure  1,  curve  a.  The  effect  of  changing 
only  the  surface  temperature  Ts  from  273  K to  a Venus  value  of  740  K is  to  increase  the 

present  day  mantle  temperature  by  about  100  K (Figure  1,  curve  b).  However,  the 
atmospheric  40Ar  abundance  [7]  may  be  taken  to  suggest  that  Venus  has  degassed  only  1/4 
to  1/3  as  much  as  Earth.  Volatile-dependent  thermal  history  calculations  for  the  Earth  [3] 
have  indicated  that  the  mantle  tends  to  balance  volatile  content  and  temperature  so  as  to 
maintain  an  "optimum"  value  of  viscosity  and  thus  of  convective  vigor.  Degassing  stiffens 
the  mantle,  which  compensates  by  a rise  in  temperature.  Regassing  (or  lessened  degassing) 
weakens  the  mantle,  which  adjusts  by  lowering  temperature.  A model  with  a value  for  Ts 

appropriate  to  Venus  and  about  0.5  o.m.  total  degassing  is  only  slightly  hotter  than  the 
nominal  case  (Figure  1,  curve  c).  The  reduction  in  temperature  from  the  lessened  degassing 
effectively  compensates  for  the  higher  value  of  Ts. 

The  initial  volatile  content  of  Venus  (or  of  the  Earth),  of  course,  is  a poorly  constrained 
parameter.  A model  in  which  the  initial  mantle  volatile  abundance  is  three  times  the  nominal 
amount,  but  the  final  degassed  mass  is  one-third  of  nominal  (for  about  a factor  of  10 
reduction  in  the  fractional  amount  of  degassing)  has  also  been  examined.  This  volatile-rich 
mantle  model  has  a significantly  reduced  viscosity,  which  enhances  convective  vigor  and  heat 
flow  from  the  mantle.  This  results  in  a reduction  of  the  present  mantle  temperature  by  almost 
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600  K (Figure  1 , curve  d).  Models  for  Venus  with  higher  volatile  contents  and  lower 
amounts  of  degassing  than  the  Earth  can  thus  yield  a colder  Venus  mantle  despite  the  higher 
surface  temperature.  Such  a low  mantle  temperature  may  result  in  a low  rate  of  magma 
genesis  and  crustal  formation,  consistent  with  some  current  estimates  obtained  on  geological 
grounds  [8]. 


Conclusions.  Thermal  history  models  for  Venus  incorporating  the  effects  of  volatiles 
on  mantle  rheology  allow  for  a range  of  thermal  states  for  the  Venus  mande.  The  higher 
surface  temperature  causes  an  increase  in  mantle  temperature  relative  to  that  of  Earth.  If 
Venus  has  degassed  less  than  the  Earth,  however,  then  this  effect  is  compensated  to  some 
degree  by  the  enhancement  of  heat  flow  from  a more  volatile-rich  mantle.  If  the  difference  in 
present  mantle  volatile  content  is  sufficiently  great,  the  mantle  temperature  of  Venus  could  be 
less  than  that  of  the  Earth. 

References.  [1]  D.  J.  Stevenson,  T.  Spohn,  and  G.  Schubert,  Icarus,  54,  466  1983- 
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453,  1981;  [6]  P.  N.  Chopra  and  M.  S.  Paterson,  JGR,  89,  7861,  1984;  [7]  J.  H.  Hoffman 
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Figure  1.  Volatile-dependent  thermal  history  models  for  Earth  and  Venus.  Shown  are 
curves  of  average  mantle  temperature  versus  time  for  four  thermal  evolution  models 
discussed  in  the  text. 
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TECTONIC  RESPONSE  TO  MANTLE  DYNAMICS  IN  VENUS 
R.  J.  Phillips,  Dept,  of  Geological  Sciences,  Southern  Methodist  University,  Dallas,  TX  75275 

Introduction.  Large  apparent  depths  of  isostatic  compensation  on  Venus  (ADCs),  inter- 
preted in  conjunction  with  Earth-scaled  temperature  gradients  [1],  lead  to  the  hypothesis  that 
some  of  the  topography  of  Venus  must  be  dynamically  supported  by  flow  in  the  mantle  [2,3 J. 
Here  we  examine  the  consequences  of  such  flow  for  tectonic  stresses  in  the  lithosphere  and,  in 
particular,  whether  such  stresses  could  lead  to  large-scale  tectonic  disruption  both  locally  and  at 

large  distances.  , , _ „„„ 

Stresses  Magnitudes.  In  elementary  terms,  we  view  the  interaction  between  mantle  con- 
vective flow  and  an  overlying  lithosphere  in  terms  of  shear  stresses  (Gxz)  and  normal  stresses 
(a  ) imparted  by  the  flow  to  the  base  of  the  lithosphere.  Normal  stresses  are  large  y 
responsible  for  uplift  of  the  topography,  but  may  also  give  rise  to  modest  deviatonc  horizontal 
normal  stresses  (zaTT)  in  the  lithosphere.  Shear  stresses  can  impart  large  horizontal  normal 
stresses  (*o„).  Estimates  for  axz  and  azz  can  be  obtained  from  the  topography  and  the  ffee-air 
gravity  field,  respectively,  provided  that  the  dominant  wavelengths  of  these  fields  are  large 

compared  to  the  depth  of  the  convective  flow.  . _ _ 

For  compensated  topography,  regardless  of  the  mechanism  of  compensation,  axx  - 
Ptg0h./2,  where  p.  is  topographic  density,  g0  is  planetary  gravity,  and  h,  is  topographic  height. 
On  Venus,  this  yields  about  13  MPa  of  stress  for  each  kilometer  of  elevation.  For  a diabase 
rheology  [4]  and  a temperature  gradient  of  15  K/km,  13  MPa  of  stress  will  cause  sigmfican 

creep  strain  in  crusts  of  thickness  10  km  or  more.  . 

If  the  base  of  the  lithosphere  is  subject  to  shear  tractions  from  mantle  flow,  then  a stretch- 
ing mode  [5]  of  lithospheric  deformation,  xOxx,  may  be  important.  Under  the  long  wavelength 
constraint  stated  above,  the  shear  stress  Gxz  is  directly  proportional  to  the  depth-density 
"dipole"  [6]  of  the  mantle  flow  field,  as  is  the  free-air  gravity  anomaly.  The  horizontal  stress  in 
the  lithosphere  is  directly  related  to  axz  through  the  equilibrium  equation.  This  leads  to  an 
estimate  [7]  of  a lower  bound  of  the  magnitude  of  the  lithospheric  m-plane  force,  Fb(k) 
leo/(2itkG)lg(k),  where  k is  wavenumber,  G is  the  universal  gravitational  constant,  and  g(  ) is 
the  ffee-air  gravity  anomaly.  An  identical  result  is  obtained  when  the  dipole  is  the  isostatic 
structure  of  the  cooling  oceanic  boundary  layer  on  Earth  [8,9].  This  result .remains  a lower 
bound  as  long  as  there  is  no  low  viscosity  channel  (LVC)  beneath  the  lithosphere.  Large  ADC 

values  imply  that  there  is  no  LVC  in  Venus  [7].  . . ( 

Fast  Fourier  Transform  techniques  have  been  used  to  generate  the  spatial  distribution  ot 
Fk(x  v)  in  the  Tellus  Regio/Bell  Regio/Leda  Planitia  region  by  performing  an  inverse  transfonn 
on  Fu(k)  as  calculated  from  the  free-air  gravity  anomaly  for  that  region  [10].  No  directional  in- 
formation was  retained  in  this  calculation  and  Gxy  is  assumed  to  be  negligible.  The  gravity  field 
was  downward  continued  to  the  surface  and  resolution  considerations  dictated  that  wavelengths 
shorter  than  700  km  be  excluded.  The  results  of  this  calculation  are  shown  in  Figure  1.  A strict 
interpretation  of  these  results,  which  we  do  not  promote,  would  be  that  all  of  the  topography  in 
this  region  of  Venus  is  dynamically  supported  and  that  regions  of  positive  topography  (e.g., 
Bell  Regio,  50°  E,  30°  N)  are  associated  with  mantle  up-welling,  while  negative  topography 
(e.g.  Leda  Planitia,  60°  E,  45°  N)  is  associated  with  down-welling.  There  certainly  may  be 
other  mechanisms  of  topographic  compensation,  notably  crustal  thickness  variations  [11]  and 
thermal  compensation  in  the  lithosphere  [10,12],  The  main  point  here  is  that  dynamic  support 
of  topography  should  be  accompanied  by  stretching  forces  m the  overlying .lithosphere : and that 
free-air  anomalies  on  Venus  imply  that  their  magnitude  might  be  at  least  a few  tunes  10  N/m. 

Comparisons  to  Earth.  The  basal  shear  stresses  associated  with  the  Fb  solution  in  fig- 
ure 1 are  typically  a few  MPa.  This  falls  within  the  range,  although  at  the  upper  end,  of  vwtous 
estimates  of  the  basal  shear  stress  acting  on  the  terrestrial  oceanic  lithosphere  L13,14,15,lt>J. 
These  stresses  are  generally  considered  to  be  tectonically  unimportant.  On  Earth,  the  existence 
of  a low  viscosity  zone  that  would  lead  to  low  values  of  basal  stress  and  uncouple  the  oceanic 
plates  from  the  underlying  convening  mantle  is  uncertain.  On  Venus,  the  postulated  thinner, 
hotter  lithosphere  leads  to  more  tectonic  disruption  for  the  same  level  of  stress.  This  is  U- 
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lustrated  in  Figure  2,  where  we  show  the  deformation  associated  with  a 1 km  dynamic  uplift  of 
a lithosphere  composed  of  a 10  km  diabase  crust  overlying  a websterite  mantle  (dT/dz  =15 
K/km,  de/dt  = 10‘r4/s).  Failure  zones  are  associated  with  stresses  that  exceed  the  yield  stress  in 
a strength  envelope  diagram. 

Transmittal  of  Stress  Over  Large  Distances.  The  in-plane  forces,  F^,  determined  here 
are  comparable  in  magnitude  to  ridge  push  forces,  Fr,  estimated  for  the  Earth.  We  next  ask,  are 
the  tectonic  forces  on  Venus  discussed  above  capable  of  being  transmitted  over  large  distances 
and  initiating  faulting  far  from  their  source  of  origin?  At  long  wavelengths,  where  flexural  ef- 
fects are  unimportant,  simple  compensated  uplift  of  a lithospheric  layer  will  lead  to  tensional 
stresses  in  the  "uplands".  But  there  will  be  no  stress  in  the  "plains",  unless  the  lithosphere  starts 
to  creep.  This  is  because  the  local  potential  energy  anomaly  associated  with  topography  is  sup- 
ported by  local  stresses.  Out  in  the  plains  there  is  no  potential  energy  anomaly  (or  defect). 
Creep  effects  cannot  be  expected  to  affect  the  plains  more  than  a distance  of  approximately  the 
horizontal  dimension  of  the  uplift. 

A cooling,  moving,  thermal  boundary  layer,  such  as  the  oceanic  lithosphere,  carries  a 
potential  energy  defect  out  into  the  plains:  it  is  the  cool  over-dense  lithosphere  (negatively 
buoyant)  that  must  be  balanced  by  local  internal  stresses  [8,9].  A key  element  in  this  model  is 
that  the  isostasy  is  carried  entirely  in  the  lithosphere,  and  that  the  sub-lithosphere  is  of  constant 
density.  In  this  configuration,  the  internal  pressure  of  the  lithosphere,  which  is  a maximum  in 
the  plains,  can  be  directly  equated,  because  of  the  isostatic  assumption,  with  the  maximum 
ridge  height,  confounding  what  is  a local  phenomenon  with  the  concept  of  a ridge  push. 
Presumably,  this  local  stress  could,  in  places,  lead  to  compressional  failure,  enabling  un- 
derthrusting or  even  subduction.  In  order  to  apply  the  concept  of  long-distance  stress  transmit- 
tal to  Venus,  we  have  to  postulate  that  the  region  between  the  area  of  dynamic  topography  and 
the  area  of  tectonic  disruption  is  itself  tectonized,  for  example,  part  of  a thermal  boundary  layer 
of  convection. 

Conclusions.  Topography  caused  by  dynamic  processes  in  Venus  could  be  associated 
with  extensive  deformation,  but  the  stresses  may  not  be  transmitted  great  distances  away  from 
regional  disturbances.  Testing  of  these  hypotheses  is  currently  underway. 
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Figure  1.  Map  of  in-plane  stress.  F^. 
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Figure  2.  Lithospheric  failure  zones 
for  1 km  of  dynamic  uplift. 
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LITHOSPHERIC  FLEXURE  BENEATH  THE  FREYJA  MONTES 
FOREDEEP,  VENUS:  CONSTRAINTS  ON  LITHOSPHERIC  THERMAL 
GRADIENT  AND  HEAT  FLOW. 


Sean  C.  Solomon,  Department  of  Earth,  Atmospheric,  and  Planetary  Sciences, 
Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139,  and  Jarnes  W.  Head, 
Department  of  Geological  Sciences,  Brown  University,  Providence,  RI 02912. 

Introduction.  The  heat  budget  of  Venus  is  poorly  known.  On  the  basis  of  the  ^Ar 
abundance  in  the  atmosphere  [1]  and  the  U,Th,  and  K concentrations  in  surface  soils  [2], 
heat  production  within  Venus  has  been  commonly  scaled  from  estimates  for  the  Earth. 
Under  the  assumption  that  Venus  presently  loses  heat  at  the  same  rate  per  mass  as  the  Earth, 
the  heat  fix  is  74  W/m2  s and  the  average  vertical  thermal  gradient  m the  lithosphere  is  20-25 
K/km  if  conduction  is  the  dominant  heat  transport  mechanism  in  the  outer  layer  of  the  planet 
[31.  It  is  important  to  seek  tests  of  the  premise  that  heat  flux  on  Venus  may  be  scaled  from 
the  Earth.  One  means  to  do  so  is  to  determine  the  thickness  of  the  elastic  lithosphere  on 
Venus  from  the  flexural  response  to  surface  loads,  since  the  lithospheric  thickness  is  limited 
by  the  temperature-dependent  depth  at  which  ductile  behavior  dominates  brittle  behavior  at 
flexural  strain  rates  [4],  Janie  et  al.  [5]  inferred  an  elastic  lithosphere  30-100  km  thick 
beneath  the  volcano  Tepev  Mons  in  Bell  Regio  from  the  radial  position  of  a circumferential 
depression  interpreted  to  be  of  flexural  origin.  As  described  below,  even  the  lower  limit  ot 
this  range  places  a strong  constraint  on  the  lithospheric  thermal  gradient  in  this  region. 


An  additional  opportunity  to  estimate  elastic  lithosphere  thickness  is  afforded  by  the 
Freyia  Montes  region  of  Ishtar  Terra.  Analysis  of  Venera  15  and  16  radar  images  and 
topographic  data  suggest  that  this  mountain  belt  formed  as  a result  of  a sequence  ot 
southward  underthrusts  of  the  lithosphere  of  the  North  Polar  Plains  beneath  Ishtar  Terra  [6]. 
To  the  north  of  a steep  boundary  scarp  1-3  km  in  height  is  a closed  depression  several 
hundred  meters  in  relief.  In  cross  section  the  topographic  profile  of  the  depression  [6J  is 
remarkably  similar  to  that  of  a foreland  deep  formed  by  the  flexure  of  the  underthrusting  p ate 
beneath  a terrestrial  mountain  range  [e.g.,  7,8],  While  terrestrial  foredeeps  are  typically  filled 
with  sediments,  the  much  lower  rates  of  erosion  and  sedimentation  on  Venus  and  limited 
infilling  by  young  volcanic  deposits  [6]  have  apparently  left  the  flexural  signature  of  the 
topography  at  least  partially  intact.  In  this  paper  we  employ  that  flexural  signature  to 
constrain  the  elastic  lithosphere  thickness  and  thermal  gradient  beneath  the  North  Polar 

Plains. 


Elastic  Lithosphere  Thickness.  We  have  estimated  the  thickness  Te  of  the  effective 
elastic  lithosphere  and  the  depth  Tm  to  the  base  of  the  mechanical  lithosphere  [9]  from  Venera 
15  and  16  topographic  profiles  of  the  unloaded  portion  of  the  underthrusting  lithosphere  of 
the  North  Polar  Plains.  Estimates  of  Te  are  obtained  by  fitting  individual  topographic  profiles 
to  deflection  curves  for  broken  elastic  plates  [10];  free  parameters  in  the  fit  are  the  flexural 
parameter  a,  the  magnitude  of  the  vertical  load  applied  to  the  end  of  the  plate,  and  the 
horizontal  position.  The  principal  source  of  uncertainty  in  estimanng  a arises  from  errors  in 
the  zero  datum  for  deflection  remaining  after  correcting  for  the  long-wavelength  topography 
of  the  North  Polar  Plains.  For  all  of  the  Venera  15/16  orbits  yielding  topographic  data  for 
this  region  (orbits  85-91),  there  is  a pronounced  linear  slope  to  the  topographic  profile 
between  the  Freyia  Montes  foredeep  and  the  high-latitude  culmination  point  of  die  orbit,  the 
opposite-side  data  display  a long- wavelength  linear  slope  of  opposite  sign,  with  the  break  in 
slopes  approximately  coinciding  with  the  culmination  point.  Since  all  of  these  data 
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correspond  to  locations  northward  of  Pioneer  Venus  altimetry  coverage,  we  do  not  presently 
know  if  these  long-wavelength  linear  slopes  are  real  or  are  artifacts  of  the  data  reduction.  In 
the  absence  of  better  information,  we  have  removed  from  the  topographic  profiles  a linear 
trend  obtained  by  least  squares  from  the  portion  of  each  profile  between  the  orbit  culmination 
point  and  a position  250  km  northward  of  the  Freyja  Montes  foredeep.  One  such  profile  is 
shown  in  Figure  1 . 

The  flexure  models  fit  the  topographic  profiles,  corrected  for  long-wavelength  slope,  to 
within  an  rms  misfit  of  about  50  m,  comparable  to  the  stated  error  in  relative  along-track 
elevations  at  short  wavelength  in  the  Venera  data  [11].  The  best-fitting  values  for  the  flexural 
parameter  a for  the  three  profiles  (orbits  89-91)  with  the  best-developed  signature  of  the 
foredeep  are  in  the  range  37-52  km,  corresponding  to  flexural  rigidity  D in  the  range  (1-5)  x 
1022  N m.  Flexural  rigidity  may  be  converted  to  Te  for  assumed  effective  values  of 
Poisson's  ratio  v and  Young's  modulus  E.  We  take  v = 0.25  and  E in  the  range  10-100 
GPa;  the  extreme  values  for  E correspond  to  Te  in  the  ranges  25-37  km  and  12-17  km, 
respectively.  We  favor  higher  values  of  E,  and  thus  lower  values  of  Te,  within  these  ranges. 

Thermal  Gradient.  These  values  of  Te  may  be  converted  to  the  mean  lithospheric 
thermal  gradient  dT/dz,  given  a representative  strain  rate  and  a flow  law  for  ductile 
deformation  of  material  in  the  lower  lithosphere.  This  conversion  is  accomplished  by 
constructing  models  of  bending  stress  consistent  with  the  strength  envelope  and  finding  for 
each  model  the  equivalent  elastic  plate  model  having  the  same  bending  moment  and  curvature 
K [9].  We  take  1016  s1  as  the  representative  strain  rate,  and  we  assume  that  ductile  flow  is 
limited  by  the  creep  strength  of  olivine  [12],  consistent  with  the  inference  from  the  depths  of 
impact  craters  and  the  characteristic  spacing  of  tectonic  features  that  the  crust  beneath  plains 
units  on  Venus  is  no  more  than  10-20  km  thick  [13,14].  The  conversion  from  Tc  to  Tm  and 
dT/dz  as  functions  of  K is  illustrated  in  Figure  2.  The  curvature  K at  the  zero  crossings  of 
the  flexural  profiles  for  the  uniform  elastic  plate  model  (e.g.,  Figure  1)  is  (1-1.5)  x 10'7  nr1- 
From  Figure  2,  the  values  of  Tc  for  E = 10  and  100  GPa  correspond  to  mean  lithospheric 
thermal  gradients  of  7-12  K/km  and  16-25  K/km,  respectively. 

Implications.  For  a lithospheric  Young's  modulus  at  the  upper  end  of  the  range 
considered  here,  the  flexural  topographic  profile  of  the  Freyja  Montes  foredeep  is  consistent 
with  a lithospheric  thermal  gradient  similar  to  that  expected  for  the  global  mean  gradient  on 
the  basis  of  scaling  from  Earth  [3].  This  is  a reasonable  result  in  that  the  elevation  of  the 
North  Polar  Plains  to  the  immediate  north  of  the  foredeep  and  associated  outer  rise  [6]  is 
similar  to  the  mean  elevation  of  the  planet  [15].  In  contrast,  the  thermal  gradients  if  E is  at 
the  lower  end  of  the  range  considered,  and  that  implied  (see  Figure  2)  by  the  least  value  of  Te 
inferred  by  Janie  et  al.  [5],  are  no  more  than  half  that  expected  from  scaling  arguments.  We 
suggest  that  an  internally  consistent  description  of  the  current  internal  structure  and  tectonics 
of  Venus  includes  a strong  (E  = 100  GPa)  but  thin  (Tm  = 15-20  km)  mechanical  lithosphere, 
a thin  (10-20  km)  crust,  and  a thermal  gradient  appropriate  to  scaling  global  heat  loss  from 
the  Earth  (20-25  K/km)  beneath  typical  plains  regions  of  the  planet. 

References.  [1]  J.H.  Hoffman  et  al.,  JGR,  85,  7882,  1980;  [2]  Yu.A.  Surkov,  PLSC 
8th,  2665,  1977;  [3]  S.C.  Solomon  and  J.W.  Head,  JGR,  9236,  1982;  [4]  C.  Goetze  and  B. 
Evans,  GJRAS,  59,  463,  1979;  [5]  P.  Janie  et  al.,  Earth  Moon  Planets,  41,  127,  1988;  [6] 
J.W.  Head,  LPS,  19,  467,  1988;  [7]  G.D.  Kamer  and  A.B.  Watts,  JGR,  88,  10449,  1983; 

[8]  L.  Royden,  JGR,  93,  7747,  1988;  [9]  M.K.  McNutt,  JGR,  89,  11180,  1984;  [10]  D.L. 
Turcotte  and  G.  Schubert,  Geodynamics,  p.  127, Wiley,  1982;  [11]  Yu.N.  Alexandrov  et  al.. 
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[13]  R.E.  Grimm  and  S.C.  Solomon,  JGR,  93,  11911,  1988;  [14]  M.T.  Zuber,  JGR,  92, 
E541, 1987;  [15]  P.  Ford,  Pioneer  Venus  Hypsometry,  MIT  CSR  rept.,  1986. 


Figure  1.  Topographic  profile  across  Freyja  Montes  (Venera  orbit  91),  after  correcting  for 
long-wavelength  slope.  Also  shown  is  a model  profile  for  flexure  of  a uniform  plate 
subjected  to  an  end  vertical  load. 


MECHANICAL  THICKNESS,  km 

Figure  2.  Conversion  of  Te  to  Tm  and  dT/dz  as  functions  of  curvature  K (in  units  of  10'8 
m'1),  after  [9].  Mean  thermal  gradients  shown  correspond  to  a strain  rate  of  10*16  s'1. 
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IMPLICATIONS  OF  GRAVITY  MODELING  FOR  A THERMAL  ISOSTASY 

HYPOTHESIS  FOR  BELL  REGIO,  VENUS 
S.  Smrekar  and  RJ.  Phillips,  Dept,  of  Geological  Sciences,  SMU,  Dallas,  TX  75275 


Introduction.  We  have  tested  the  hypothesis  that  the  topography  of  Bell  Regio,  Venus  is 
supported  by  thermal  isostasy  in  the  lithosphere  (e.g.,  1).  In  this  type  of  model,  excess  heat 
flux  leads  to  increased  temperature  gradients,  replacement  of  normal  lithosphere  with  hot,  low 
density  material,  and  an  increase  in  elevation  to  maintain  isostatic  balance.  The  model  is  tested 
using  Pioneer  Venus  topography  and  gravity  data  to  constrain  the  thinning  of  the  lithosphere 
for  a given  reference  thickness  and  temperature. 

Gravity  Data.  In  order  to  put  line-of-sight  (LOS)  gravity  data  into  a convenient  format 
for  interior  modelmg,  we  have  inverted  the  LOS  data  in  a region  bounded  by  40-100°  E longi- 
tude and  15-50°  N latitude  for  a point  mass  model.  The  solution  was  obtained  by  Singular 
Value  Decomposition  and  the  required  partial  derivatives  were  obtained  using  the  ORBSIM 
program  (2)  within  the  Geophysical  Data  Facility  at  the  Lunar  and  Planetary  Institute.  The  308 
estimated  point  mass  values  were  used  to  generate  the  vertical  gravity  component  at  350  km 
altitude. 

Modeling.  If  the  topography  is  supported  entirely  by  thermal  isostasy,  then  a model  for 
the  lower  boundary  of  the  lithosphere  (z  is  positive  downward)  is  given  by:  hL(x,y)  = L - 
Mx>y)Pi/Ap*  where  Lc  is  the  thickness  of  a reference  lithosphere,  hT(x,y)  is  surface  topog- 
raphy  pL  is  lithospheric  density,  and  Ap  is  the  density  contrast  of  lithosphere  and  sub- 
lithosphere  (=pL  - pA).  Here  pL  = pA(l  + aAT/2),  where  a is  the  coefficient  of  thermal  expan- 
sion, and  AT  is  the  temperature  change  across  the  lithosphere  (=  TA  - T0).  The  gravity  signal 
gp(x,y)  from  this  model  is  the  sum  of  contributions  from  hL  and  hT.  In  principle  g (x  y) 
depends  on  both  Lc  and  AT.  We  calculated  the  gravity  signal  from  hL  and  hT  using  a power 
senes  representation  of  the  Green’s  function  (3).  However,  the  resolution  of  the  gravity  data  is 
not  sufficient  to  distinguish  between  the  three  dimensional  surface  of  hL  and  a surface  density 
product,  Ap  hj  , at  a depth  Le.  In  effect,  a low  density  region  of  high  heat  flow  which  extends 
upward,  thinning  the  lithosphere,  cannot  be  distinguished  from  a low  density  crustal  root  (Airy 
compensation).  Thus  the  resulting  apparent  depth  of  compensation  (ADC)  can  be  interpreted  in 
a variety  of  ways,  and  cannot  be  uniquely  attributed  to  thermal  isostasy. 

Results.  The  standard  deviation  of  the  isostatic  anomaly  for  Bell  Regio  (defined  as  22-39° 
N latitude  and  40-61°  E longitude)  was  used  to  select  the  best  ADC  (Figure  1.).  The  best  fit  for 
the  entire  region  was  for  a depth  of  120  km;  160  km  gives  a better  fit  for  the  southern  "swell" 
(26-33°  N latitude  by  44-55°  E longitude).  As  Figure  1 shows,  the  best  depth  of  compensation 
varies  considerably  over  the  region.  The  depth  shallows  to  the  north,  and  increases  to  the 
south.  The  best  fitting  model,  which  has  a standard  deviation  of  ~5  mgal,  can  account  for  only 
about  80%  of  the  gravity  signal,  which  has  a maximum  of  ~22  mgal.  Most  of  the  region  ap- 
pears over-compensated  (areas  with  a positive  isostatic  anomaly),  implying  that  an  additional 
compensation  mechanism  is  also  operating.  Flexural  support  may  not  be  very  important,  as  the 
wavelengths  of  features  that  can  be  supported  by  Venus’  mechanical  lithosphere  may  be  too 
small  to  contribute  much  to  the  observed  gravity  signal.  Dynamic  support  will  be  considered 
below. 

Interpretation.  If  we  interpret  the  ADC  as  Airy  compensation,  the  low  density  crustal 
root  extends  down  below  a reference  thickness  of  160  km.  Pratt  compensation,  in  the  long 
wavelength  approximation  requires  double  this  thickness.  Even  if  we  use  the  ADC  of  the  entire 
region,  120  km,  rather  than  that  for  just  the  southern  swell,  this  may  be  an  improbably  large 
thickness  for  Venus,  even  in  comparison  to  liberal  estimates  of  crustal  thickness  (4). 

If  we  interpret  the  ADC  in  terms  of  thermal  isostasy,  then  the  compensation  is  produced  by 
a hot  region  which  replaces  the  lower  portion  of  the  lithosphere.  This  implies  a thermal  litho- 
sphere thicker  than  160  km  in  the  southern  portion,  or  120  km  for  the  whole  region  For 
thermal  isostasy  to  produce  the  highest  topography  observed  at  Bell  Regio,  the  relief  on  the 
sub-lithospheric  boundary  (the  amount  of  thermal  thinning)  has  to  be  over  100  km,  for  a AT  of 


46 


J.  V/v/V/  IV. 

Either  of  these  interpretations  of  the  ADC  require  a thermal  gradient  of  6-8°  K/km  m the 
reference  lithosphere,  outside  of  the  root  or  the  thermal  thinning.  These  low  values  led  us  to 
consider  the  possibility  of  thermal  isostasy  in  combination  with  dynamic  support.  These  two 
effects  are  both  likely  to  accompany  a hot  mantle  "plume".  The  ADC  can  then  be  interpreted 
as  the  mean  depth,  Lc,  of  a hot,  low  density  blob,  (pA),  overlain  by  a thermally-thinned  litho- 
sphere (see  Figure  2).  The  reference  lithosphere,  L0,  which  results  from  thermal  boundary 
layer  modeling  is  approximately  100  km  thick,  with  a AT  between  the  surface  and  the  bottom 
of  the  lithosphere  of  around  1000°  K (5).  This  fixes  the  reference  dT/dz  at  10°  K/km.  The  AT 
from  the  thermal  boundary  layer  model  can  be  combined  with  an  assumed  density  in  the 
normal  mantle  (3.25  g/cm1 * 3)  to  fix  the  density  of  the  lithosphere.  A plausible  average  tempera- 
ture contrast  between  the  plume  and  the  surrounding  mantle  is  300°  K (6).  This  AT  determines 
the  density  of  the  normal  mantle.  In  the  thermally-thinned  region,  the  temperature  we  use  to 
calculate  density  is  the  average  of  that  at  the  base  of  the  lithosphere  and  the  temperature  in  the 
hot  region.  These  density  contrasts  are  used  to  determine  the  dimensions  of  a low  density 
region,  relative  to  the  ADC,  which  compensates  the  maximum  topography  of  Bell  Regio.  The 
‘plume’  which  supports  the  topography  extends  down  100  km  below  the  ADC,  and  90  km 
above  it.  A reference  lithosphere  100  km  thick  is  thus  thinned  by  30  km  (the  ADC  is  60  km  be- 
low the  bottom  of  the  reference  lithosphere). 

Conclusions.  Gravity  modeling  of  Bell  Regio  cannot  distinguish  variations  in  crustal 
thickness  (Airy  compensation)  from  thermal  thinning  of  the  lithosphere.  The  fit  of  the  isostatic 
anomaly  further  implies  an  additional  compensation  mechanism,  and  variable  depths  of  com- 
pensation. The  crustal  thickness  variation  interpretation  requires  an  average  crustal  thickness 
of  120-160  km.  The  thermal  thinning  model  requires  a thermal  lithosphere  of  120-160  km 
which  is  locally  thinned  by  up  to  100  km.  Both  of  these  models  require  a reference  thermal 
gradient  of  6-8°  K/km.  A combination  of  thermal  thinning  and  dynamic  support  requires  less 
drastic  thermal  thinning,  has  a somewhat  higher  regional  thermal  gradient,  and  may  be  the  most 
plausible  interpretation  of  the  gravity  data. 


Longitude 

Figure  1 . Isostatic  anomaly  (mgal)  for  an 
ADC  of  120  km. 


Figure  2.  Schematic  view  of  a 
hotspot  region  isostaticly  supported 
by  thermal  thinning  of  the 
lithosphere  and  a low  density  plume. 
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MAGELLAN  DATA  OF  VOLCANIC  TERRAINS  ON  VENUS 
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Geologic  analyses  of  imaging  radar  data  of  volcanic  terrains  on  Earth  have  illustrated  a need 
for  understanding  how  such  data  can  be  used  to  interpret  eruptive  styles  and  to  characterize  the 
geologic  history  of  volcanic  centers.  This  report  summarizes  results  of  a geologic  analysis  of 
Shuttle  Imaging  Radar  (SIR-B)  data  of  Kilauea  Volcano1  and  discusses  implications  for 
interpretation  of  Venera  15/16  and  Magellan  radar  data  for  volcanic  centers  on  Venus.  SIR-B 
obtained  two  radar  images  (25  m resolution,  23  cm  wavelength,  28°  and  48°  incidence  angles) 
over  southeastern  Hawaii  in  October,  1984;  the  target  area  of  these  data  takes  was  the  summit  and 
Southwest  Rift  Zone  of  Kilauea  Volcano2.  Geologic  analyses  of  these  data  indicated  that  while 
large-scale  landforms  (e.g.,  the  summit  caldera,  pit  craters,  and  fault  scarps)  and  deposits  with 
smooth  (e.g.,  the  1790  tephra  deposit)  or  rough  (e.g.,  aa  lava  flows)  surfaces  are  readily 
distinguished  on  the  SIR-B  data,  many  additional  landforms  (e.g.,  pahoehoe  lava  flows,  cinder 
cones,  and  small  fissures)  are  difficult  to  detect,  particularly  if  the  adjacent  or  underlying 
substrate  has  comparable  radar  signatures. 

To  understand  the  use  of  SAR  data  for  geologic  analysis  of  a volcanic  terrain,  the  eruptive 
history  of  the  summit  and  Southwest  Rift  Zone  of  Kilauea  as  it  is  currently  understood  and  as  it 
can  be  interpreted  on  the  basis  of  the  SIR-B  data  alone  were  compared1.  From  the  SIR-B  data 
Kilauea  is  accurately  interpreted  to  be  a volcanic  shield,  with  a well-developed  summit  caldera 
indicating  multiple  episodes  of  collapse;  evidence  of  radial  and  concentric  rifting  is  observed  in 
the  form  of  faults,  fissure  traces,  and  flows  from  small-scale  eruptive  centers.  The  extensive 
low-return  unit  observed  near  Kilauea  Caldera  correctly  suggests  that  explosive  volcanism  has 
played  a major  role  in  the  development  of  the  summit  caldera.  Effusive  volcanism,  observed  in 
the  form  of  radar-bnght  lava  flows,  is  inferred  to  have  played  a more  important  role  away  from 
the  summit  along  the  radial  rift  zone  of  the  Southwest  Rift.  Variable  backscatter  intensity  from 
these  rough-surfaced  lava  flows  suggests  that  eruptive  centers  with  associated  bright  (young?) 
lava  flows  evolved  from  earlier,  more  randomly  distributed  volcanism  along  the  rifts. 

Although  this  interpretation  of  volcanism  is  generally  correct,  misinterpretation  of  aspects 
ol  the  volcanic  history  of  Kilauea  result  from  reliance  upon  the  SIR-B  data  alone.  Pyroclastic 
volcanism,  as  evidenced  by  the  extensive  low-return  units  near  the  summit  (inferred  to  be  ash 
deposits)  and  the  apparent  absence  of  pahoehoe  lava  flows,  appears  to  be  the  dominant  style  of 
volcanism  at  the  Kilauea  summit.  In  reality,  pyroclastic  eruptions  comprise  only  a small 
percentage  of  Kilauea  eruptions;  explosive  volcanism  has  occurred  primarily  at  the  summit, 
covering  less  than  2%  of  the  present  subaerial  surface  of  Kilauea3.  The  apparent  lack  of 
pahoehoe  lava  flows  on  the  SIR-B  data  erroneously  suggests  that  effusive  eruption  of  these  very 
fluid  lavas  was  not  common  at  Kilauea.  In  addition,  since  pahoehoe  lavas  often  comprise  the 
near-vent  portions  of  longer  flows,  both  the  number  of  flows  and  the  dimension,  especially  the 
lengths,  of  many  lava  flows  would  be  greatly  underestimated.  The  apparent  prevalence  of  aa 
lavas  along  the  rift  zones  also  suggests  that  Kilauea  lavas  had  higher  average  viscosities  than  they 
do,  and  that  the  average  eruption  rates  of  Kilauea  lavas  were  higher  than  they  are.  Finally,  the 
inability  to  distinguish  cinder  cones,  low-relief  lava  shields,  and  small  fissure  systems  falsely 
indicates  that  effusive  or  strombolian  activity  was  a less  important  style  of  volcanism  than  large- 
scale  pyroclastic  eruptions. 

These  complexities  in  the  use  of  SIR-B  data  for  characterization  of  volcanic  landforms  and 
interpretation  of  the  eruptive  history  of  Kilauea  result  from  the  combined  influence  of  system 
data  acquisition,  and  terrain  parameters.  The  directional  nature  of  the  SIR-B  radar  beam  (NW  to 
SE)  enhanced  large-scale  topographic  features  such  as  the  summit  caldera  and  a radial  system  of 
normal  faults  oriented  approximately  perpendicular  to  the  radar  antenna.  The  sensitivity  of  the 
23  cm  wavelength  of  SIR-B  to  the  roughness  of  the  surface  at  a comparable  scale  permitted 
mapping  of  the  location  and  distribution  of  rough-surfaced  aa  lava  flows  along  the  Southwest 
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Rift  Zone  of  Kilauea.  Limitations  of  the  SIR-B  data  for  geologic  analyses  of  Kilauea  included  an 
inability  to  resolve  small-scale  topographic  features  such  as  cinder  cones  and  fissures,  and 
insensitivity  to  variations  in  small-scale  roughness,  resulting  in  an  inability  to  distinguish 
pahoehoe  lava  flows  from  other  low-return  volcanic  units. 

The  similarity  in  expected  flow  morphologies  and  eruptive  styles  on  Venus  and  Earth4 
suggests  that  the  results  of  this  radargeologic  analysis  of  Kilauea  can  be  extended  to  the 
interpretation  of  eruptive  styles  of  volcanic  centers  on  the  basis  of  Venera  15/16  (resolution  from 
1 to  3 km,  8 cm  wavelength,  10°  incidence  angle)  and  future  Magellan  (resolution  about  300  m, 
12.6  cm  wavelength,  about  15°  to  50°  incidence  angles)  SAR  images  of  Venus.  In  particular, 
these  results  permit  an  estimate  of  the  influence  of  radar  imaging  parameters  (such  as  resolution, 
wavelength,  and  incidence  angle)  on  the  geologic  characterization  of  volcanic  units  on  Venus. 
For  example,  at  the  1 to  3 km  resolution  of  the  Venera  15/16  images,  only  large-scale  volcanic 
landforms  such  as  calderas,  rift  systems,  lava  shields  or  domes,  lava  flows,  and  possible 
pyroclastic  deposits  should  be  identifiable.  Smaller-scale  features  such  as  cinder  cones,  pit 
craters,  fissures,  vents,  lava  channels,  levees,  and  flow  lobes  would  generally  remain 
undetected,  inhibiting  the  recognition  of  smaller  volcanic  centers  on  the  Venera  15/16  data.  In 
addition,  at  the  8 cm  effective  surface  roughness  defined  by  the  wavelength  of  the  Venera  15/16 
system,  many  volcanic  landforms  might  be  expected  to  be  radar-rough  and  thus  to  have  bright 
returns.  Certainly  most  lava  flows  should  appear  as  bright  units  on  the  Venera  15/16  data,  and 
the  distinction  between  flow  types  such  as  aa  and  pahoehoe  should  not  be  possible.  Because 
pyroclastic  deposits  may  vary  greatly  in  average  surface  roughness,  such  deposits  on  Venus 
could  have  either  bright  (e.g.,  radar-rough)  or  dark  (radar-smooth)  returns.  Due  to  the  steepness 
of  the  slope  of  the  curve  describing  the  radar  scattering  law  for  Venus5  (where  specular 
reflections  from  facets  oriented  perpendicular  to  the  radar  antenna  dominate  radar  return),  smooth 
(less  than  a few  cm  in  average  roughness)  units  (e.g.,  ash  deposits,  sand  sheets)  may  have 
higher  radar  returns  than  rough  units  (e.g.,  lava  flows)  at  the  Venera  15/16  wavelength.  For 
geologic  interpretation  of  volcanic  centers  with  the  Magellan  data,  the  significant  improvement  in 
resolution  (about  300  m)  may  result  in  identification  of  smaller-scale  (<100  m)  volcanic 
landforms  such  as  cones,  domes,  small  eruptive  centers,  vents,  and  pit  craters.  Details  of  flow 
morphologies  and  vent  structures  are  likely  to  remain  unresolved  with  the  Magellan  data.  At  the 
12.6  cm  Magellan  wavelength,  lava  flows  should  still  exhibit  bright  returns,  and  distinction 
between  aa  and  pahoehoe  should  not  be  observable.  Due  to  the  15°  to  50°  range  of  incidence 
angles  of  the  Magellan  data,  units  of  comparable  surface  morphology  in  areas  imaged  at  different 
incidence  angles  should  have  variable  return  intensities. 
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DYNAMIC  GEOPHYSICS  OF  10 

A.  S.  McEwen  (U.  S.  Geological  Survey,  2255  N.  Gemini  Dr., 
Flagstaff,  AZ  86001),  J.  I.  Lunine  (Lunar  and  Planetary  Lab. 
Tucson,  AZ),  and  M.  H.  Carr  (U.  S.  Geological  Survey,  Menlo 
Park,  CA) 


Numerous  volcanic  eruptions  and  hot  spots  show  that  Io  is  the  most  geologically  active 
solid  body  known  in  the  Solar  System.  The  resurfacing  rate  is  remarkably  high;  as  much 
as  10  cm  yr~‘  is  the  global  average.  Surface  landforms  include  calderas,  mountains,  shield 
volcanoes,  plateaus,  flows,  grabens,  and  eroded  scarps.  The  bulk  density  and  topographic 
relief  suggest  a dominantly  silicate  composition,  but  spectral  observations  indicate  that 
the  surface  is  covered  by  S02  and  other  sulfurous  materials.  The  lithosphere  is  probably 
more  than  30  km  thick  under  regions  showing  substantial  relief.  Io’s  volcanism  is  most 
likely  powered  by  tidal  heating  mechanisms  that  also  differentiated  the  satellite  and  drove 
volatiles  to  the  surface.  All  recent  models  place  the  tidal  heating  below  the  lithosphere; 
disagreement  exists,  however,  as  to  whether  the  heating  is  episodic  over  geologic  time. 
Active  volcanic  plumes  are  of  two  types.  The  Prometheus  type,  concentrated  within  30 
degrees  of  the  equator,  is  relatively  small  (-100  km  high)  and  of  long  duration  (months 
to  years),  producing  bright  halo  deposits  200-600  kin  in  diameter.  The  Pele  type,  concen- 
trated in  the  region  from  longitude  240°  to  360°,  is  large  (~  300  km  high)  and  of  short 
duration  (days  to  months),  depositing  relatively  dark  and  reddish  materials  over  areas  of 
1000-1600  kin  diameter.  The  Prometheus-type  plumes  are  probably  driven  by  S02  vapor 
from  reservoirs  near  400  K,  whereas  the  Pele-type  plumes  may  be  driven  by  sulfur  vapor 
from  reservoirs  near  1000  K.  The  hot  spots  on  Io  correspond  to  low-albedo  areas,  usually 
on  the  floors  of  calderas.  Hot-spot  temperatures  generally  range  from  200  to  400  K,  and 
the  radiation  may  be  due  to  convecting  sulfur  lakes  with  rapid  evaporative  outflow  or  to 
cooling  silicate  lavas.  The  global  energy  flow  from  the  hot  spots,  by  conduction  through 
the  lithosphere,  and  by  the  kinetic  energy  of  the  plumes  is  from  1 to  3 W in  . A global 
asymmetry  in  the  structure  or  composition  of  lo  is  suggested  by  the  longitudinal  varia- 
tion of  the  orbital  lightcurve,  S02  abundance,  Pele-type  plumes,  steady-state  heat  flow, 
short-li'ed  enhancements  at  5 pm,  and  topographic  relief. 
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ICY  SATELLITE  TECTONICS:  ARIEL,  TETHYS,  AND  GANYMEDE 

William  B.  McKinnon  and  L.A.M.  Benner,  Department  of  Earth  and  Planetary  Sciences  and 
McDonnell  Center  for  the  Space  Sciences,  Washington  University,  Saint  Louis,  MO  63130; 
and  Paul  M.  Schenk,  MS  183-501,  Jet  Propulsion  Laboratory,  Caltech,  Pasadena  91109. 

Viscous  relaxation  and  the  composition  of  Ariel's  crust 

Among  topics  in  icy  satellite  tectonics,  the  long  term  evolution  of  craters  is  of  particular 
interest,  because  it  can  be  used  to  constrain  important  satellite  properties  such  as  surface 
viscosity,  composition,  lithospheric  thickness,  or  heat  flow.  As  an  example,  an  apparently 
volcanic  plains  unit  on  Ariel  has  buried  older  cratered  terrain  to  ~l-2  km  depth.  Several 
craters  in  the  8-15  km  diameter  range  are  50  to  70%  shallower  than  comparably  sized  fresh 
craters  on  Ariel  (Schenk  1989).  As  these  craters  do  not  appear  degraded  (and  are  on  a young 
unit),  they  are  interpreted  as  viscously  relaxed  (Schenk  and  McKinnon  1988)  Assuming  an 
age  of  4 Gyr  and  Newtonian  rheology,  an  effective  viscosity  can  be  calculated  along  lines 
used  previously  for  Ganymede  and  Enceladus  (Passey  1982,  1983).  The  plains  unit  overlaps 
a larger  crater  that  is  not  viscously  relaxed.  This  leads  to  two  hypotheses.  The  first  is  that  the 
plains  unit  is  a region  of  anomalously  high  heat  flow,  but  otherwise  has  the  same  composition 
as  nearby  regions  that  do  not  show  evidence  for  viscous  relaxation.  Treating  the  surface  as  a 
uniform  half-space  with  a heat  flow  varying  from  zero  to  very  great,  surface  viscosities  in  the 
range  1024  ± 1 Pa  s are  required  to  explain  the  degree  of  flattening  of  the  craters  above.  This 
range  of  viscosities  overlaps  that  estimated  for  the  surface  of  Enceladus,  1023~24  Pa  s (Passey 
1983),  but  is  less  than  or  equal  to  that  estimated  for  the  surface  of  Ganymede,  1.0  (±  0.5)  x 

1025  Pa  s (Passey  1982).  New  depth  measurements  for  fresh  Ganymede  craters  by  Schenk 
are  less  than  that  assumed  by  Passey,  though,  so  the  estimate  for  Ganymede's  effective 
surface  viscosity  may  eventually  be  raised.  If  so,  the  difference  between  the  Ariel  and 
Ganymede  estimates  can  be  used  to  argue  that  Ariel's  surface  has  a different  composition  than 
that  of  Ganymede,  perhaps  ammonia-water  ice.  Passey  (1983)  used  the  difference  between 
his  Ganymede  and  Enceladus  estimates  to  argue  for  a different  composition  for  the  surface  of 
Enceladus  (also  ammonia— water  ice). 

The  second  hypothesis  for  the  plains  is  even  more  intriguing.  Here  the  plains  unit  is 
interpreted  as  having  a different  composition  from  the  surface  below.  The  overlapped  crater 
and  other  nearby  landforms  not  covered  by  plains  material  survive  not  because  of  lower  heat 
flow  but  because  of  a different  (and  stiffer)  composition.  In  this  case  the  viscosity  in  the 
plains  unit  required  to  account  for  the  crater  flattening,  assuming  the  ice  below  is  much  more 
rigid,  is  1022  ± 1 Pa  s.  This  low  number  almost  demands  a softer  rheology  such  as  that  of 
NH3-H20  (W.B.  Durham,  personal  communication,  1989).  It  is  also  consistent  with  other 
geologic  evidence  for  ammonia-water  ice  volcanism  on  Ariel  (Jankowski  and  Squyres  1988). 

Origin  of  Ithaca  Chasma : Importance  of  the  lithosphere 

A second  tectonic  problem,  Ithaca  Chasma,  also  received  attention.  This  nearly  globe- 
girdling canyon  system  on  Tethys  is  apparently  unique  in  the  solar  system.  It  forms  a great 
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circle  nearly  90°  from  the  large  basin  Odysseus,  which  suggests  the  two  are  related.  It  has 
been  hypothesized  that  viscous  rebound  of  Odysseus  caused  the  observed  fracturing  by 
inducing  viscous  drag  at  the  base  of  the  Tethyan  lithosphere  (McKinnon  1985),  essentially  a 
slow,  steady-state  version  of  multiringed  basin  mechanics  (Melosh  and  McKinnon  1978, 
Melosh  1982).  Another  principal  difference  would  be  that  the  crater  driving  the  flow  is  large 
compared  to  the  satellite  radius.  Recently,  Thomas  and  Squyres  (1988)  modeled  the  viscous 
flow  induced  in  whole  satellites  by  large  craters.  They  found  that  the  flow  can  switch  to  a 
unidirectional  "whole-satellite"  mode  for  crater-diameter-to-body-radius  ratios  similar  to  that 
of  Odysseus  (the  largest  ratio  known).  They  postulate  that  this  is  the  reason  Ithaca  Chasma 
formed  and  that  other  similar  structures  have  not.  Tangential  (colatitudinal)  stresses,  cr09, 
were  shown  to  remain  extensional  out  to  ~90°  only  in  the  case  of  unidirectional  flow.  These 
were  viscous  flow  stresses  evaluated  at  the  deforming  free  surface,  however.  McKinnon  and 
Benner  (1989)  have  more  carefully  evaluated  the  influence  of  the  elastic  lithosphere. 

The  lithosphere  is  modeled  as  a thin  shell  subject  to  basal  drag  toward  or  away  from  the 
crater  and  the  stresses  determined  by  numerical  integration.  The  colatitudinal  membrane 
stress,  fT^,  is  set  to  zero  at  the  crater  rim,  reflecting  the  thinness  or  weakness  of  the 
lithosphere  there  or  simply  the  role  of  the  rim  as  a stress  boundary  during  uplift  (of  the  basin 
floor).  For  small  craters,  and  for  plausible  functional  forms  of  the  basal  shear,  results  are 
similar  to  the  planar  case,  meaning  that  goes  through  a tensional  maximum  and  the  hoop 
stress  <7,^  is  compressive  near  the  crater.  For  larger  craters,  the  tensional  maximum  is 
suppressed,  and  it  is  interesting  to  note  that  the  relative  crater  size  where  the  tensional 
maximum  disappears  is  similar  to  that  where  unidirectional  flow  first  appears  in  the  results  of 
Thomas  and  Squyres  (1988).  Also,  depending  on  the  basal  shear,  significant  tension  is 
generated  in  the  hemisphere  opposite  the  crater;  the  lithosphere  acts  as  a stress  guide,  and 
such  antipodal  extension  may  have  contributed  to  the  significant  plains  volcanism  opposite 
Odysseus,  with  or  without  "unidirectional  flow.  These  results  also  have  implications  for 
"smaller"  ringed  basins  such  as  Orientale  on  the  Moon.  Effects  of  the  spherical  shell  are 
important  even  in  this  case,  and  can  lead  to  a suppression  of  the  compressive  hoop  stress  near 
the  crater,  making  generation  of  the  primary  ring  fault  near  the  position  of  the  <700  tensional 
maximum  more  likely.  Further  work  needs  to  be  done,  such  as  explicitly  incorporating  the 
effect  of  uplift  close  to  the  crater  and  determining  (rather  than  assuming)  the  basal  drag 
induced  by  the  viscous  rebound  flow.  The  present  results  will  be  incorporated  in  Moore  and 
McKinnon  (1989),  which  discusses  the  geological  effects  of  large  impacts  on  icy  satellites 
(tectonics,  volcanism,  resetting  the  cratering  record,  etc.). 

A geological  map  of  the  Jg-15  quadrangle  of  Ganymede 

Lastly,  as  part  of  the  USGS  Galilean  Satellite  Mapping  Program,  Andrew  Leith,  Rene  De 
Hon,  and  I have  produced  a map  of  the  Hathor  Quadrangle  of  Ganymede  (Jg-15).  To  assist 
in  the  mapping,  a photomosaic  of  the  better  resolved  half  of  the  region,  all  of  which  is  south 
of  65°  S,  was  constructed  from  16  Voyager  2 images.  The  map  and  photomosaic  were 
presented  as  a poster  at  the  20th  LPSC,  and  the  map  has  been  submitted  to  Survey  review  (De 
Hon  et  al.  1989). 

In  terms  of  geologic  history,  the  inferred  sequence  of  events  is  now  familiar,  except  that 
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the  exceptional  resolution  in  this  region  makes  relationships  clearer.  The  small  polygons  of 
the  oldest  terrains  are  characterized  by  small  craters  that  probably  do  not  represent  the  initial 
high  impactor  flux.  The  surface  has  been  extensively  modified  by  endogenous  processes. 
Dominant  were  crustal  extensional  tectonics  and  accompanying  water-ice  volcanism.  The 
older  dark  terrains  were  extensively  fractured  by  normal  faulting,  and  as  blocks  off  the  old 
terrain  were  down-dropped  as  graben,  they  were  nearly  completely  filled  by  brighter  (clean) 
material  from  beneath.  Within  the  quadrangle,  there  is  a very  dominant  extensional  stress 
direction  oriented  along  the  190°  meridian.  Later  bright  lane  units  near  the  crater  Isis  have  a 
variety  of  orientations,  suggesting  a more  uniform  extensional  stress  field.  Groove  formation 
must  have  taken  place  over  an  extensive  period  of  time  as  the  crater  density  on  the  various 
grooved  terrains  shows  considerable  range.  Impacts  on  the  surface  were  not  generally 
preserved  until  after  the  major  period  of  groove  formation.  Early-formed  craters  and  basins 
were  lost  by  extensive  resurfacing  and  by  topographic  relaxation.  The  penepalimpsest  Hathor 
formed  during  the  period  of  groove  formation,  but  the  Gilgamesh  multiringed  basin  formed 
later,  after  the  major  period  of  groove  formation  was  over.  As  the  complex  grooved  terrain  is 
not  extensively  cratered,  groove  formation  took  place  near  the  end  of  the  heaviest  influx  but 
early  in  the  satellite  s history.  Late-stage  eruptions  of  resurfacing  material  formed  smooth 
terrains  and  partially  flooded  other  units,  but  without  attendant  groove-forming  tectonism. 
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ORIGIN  AND  EVOLUTION  OF  PLUTO  AND  TRITON 

William  B.  McKinnon  and  Andrew  C.  Leith,  Department  of  Earth  and  Planetary  Sciences  and 
McDonnell  Center  for  the  Space  Sciences,  Washington  University,  Saint  Louis,  MO  63130; 
and  Steve  Mueller,  Department  of  Geological  Sciences,  Southern  Methodist  University, 
Dallas,  MO  75275. 

A prediction  for  the  density  of  Triton 

Pluto  is  a very  rock-rich  body,  and  its  high  rock/ice  ratio  is  consistent  with  theoretical 
predictions  for  the  composition  of  objects  formed  directly  in  the  solar  nebula  (McKinnon  and 
Mueller  1988).  In  contrast,  satellites  form  in  nebulae  around  giant  planets,  and  are  predicted 
to  be  and  are  much  icier.  This  is  strong  evidence  for  Pluto's  origin  in  the  solar  nebula  as 
opposed  to  being  an  escaped  satellite  (a  dynamically  dubious  proposition  that  nonetheless  has 
great  popular  appeal).  We  also  offer  a prediction  for  Triton's  density,  based  on  the 
assumptions  that  it  was  captured  from  solar  orbit  by  Neptune,  and  thus  has  a rock/ice  ratio 
similar  to  that  of  the  Pluto-Charon  system  (McKinnon  and  Mueller  1989).  The  best  estimates 
for  Triton's  radius  as  of  this  writing  are  1000-2000  km,  and  if  our  origin  hypothesis  is 
correct,  its  density  should  be  greater  than  2.0  g cm-3,  increasing  slowly  with  radius.  On  the 
other  hand,  if  Triton  is  an  original  regular  satellite  whose  orbit  has  been  perturbed,  its  density 
should  be  lower  and  more  consistent  with  the  derived  rock  fractions  of  other  icy  satellites. 

Origin  of  the  Pluto-Charon  binary 

Having  looked  at  the  density  of  Pluto-Charon  system,  it  is  natural  to  examine  the  angular 
momentum  budget  and  implications  for  Pluto's  formation  (McKinnon  1989).  The  normalized 
angular  momentum  density  J of  Pluto-Charon,  assuming  equal  densities  for  both 
components  and  that  Pluto's  mutual  occultation  radius  is  close  to  correct,  is  0.45.  This 
exceeds  the  critical  J,  0.39,  above  which  no  stably  rotating  single  object  exists.  A collisional 
origin  for  the  binary  is  strongly  implied.  J exceeds  0.39  for  Charon  densities  pc  above  1 .77 
g cm-3,  and  is  significantly  greater  than  that  of  the  Earth— Moon  system  for  any  plausible  pc. 
Moreover,  for  pc  > 2.3  g cm-3,  a tidally  evolved  Charon  starting  at  the  appropriate  Roche 
limit  implies  a Pluto  with  J > 0.39  alone.  This  is  not  a possible  initial  configuration,  so  2.3  g 
cm-3  is  the  dynamical  upper  limit  to  Charon's  density.  The  dynamical  lower  limit  is  too  low 
to  be  meaningful,  so  a plausible  cosmochemical  lower  limit  of  1.0  g cirr3  is  assumed.  These 
density  limits  hint  at  but  do  not  prove  that  Charon  is  less  dense  than  Pluto;  a lower  density 
Charon  would  be  consistent  with  a collisional  origin  if  one  or  both  proto-objects  were 
differentiated.  A density  upper  limit  closer  to  the  system  mean  is  possible  if  the  rapidly 
rotating  Pluto,  as  a Jacobi  ellipsoid,  is  not  allowed  to  contact  Charon  at  the  Roche  limit. 
Viscosity  may  constrain  Pluto  to  a more  biaxial  figure,  however.  The  angular  momentum  of 
the  system  requires  that  the  proto-objects  be  comparably  (if  not  equally)  sized,  if  off-center 
impact  velocities  vary  between  escape  (~1.3  km  s ' ) and  somewhat  greater  values  (~2.5  km 
s_1)  appropriate  to  Pluto's  eccentric  and  inclined  solar  orbit.  The  average  temperature 
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increase,  post-Charon-formation,  could  be  as  great  as  100  K (for  a 3/1  rock/ice  mass  ratio), 
triggering  differentiation.  This  formation  scenario  differs  (potentially)  from  that  of  the  Moon 
in  that  the  comparable  mass  ratios  of  the  impactors  allow  non-Keplerian  gravitation  and 
viscous  coupling  to  move  Charon's  mass  to  Roche  altitude.  The  impact  velocities  are  too  low 
for  vaporization  of  water  ice  except  during  jetting.  Loss  of  material  during  the  jetting  phase 
may  be  substantial,  though,  affecting  the  final  system  ice/rock  ratio  in  the  case  of 
differentiated  proto-objects.  If  the  new  solar  abundances  of  Anders  and  Grevesse  (1989)  for 
C and  O are  correct,  then  some  fractionation  of  ice  from  rock  is  necessary  to  explain  Pluto's 
high  density.  This  work  was  presented  at  the  Spring  1988  AGU  Special  Session  on  Pluto. 

Gas  drag  and  the  evolution  of  a captured  Triton 

The  physics  of  Triton's  possible  capture  by  gas  drag  have  also  been  reexamined 
(McKinnon  and  Leith  1989).  This  was  done  to  to  compare  the  role  of  gas  drag  in  orbital 
evolution  with  tides  and  to  evaluate  the  general  likelihood  of  capture  by  this  mechanism.  Pure 
tidal  evolution  of  a captured  Triton  causes  massive  heating  in  the  satellite.  Gas  drag  causes 
the  inclination  to  become  more  prograde,  and  Triton's  nearly  retrograde  status  potentially 
places  an  upper  limit  on  the  orbital  energy  lost  due  to  gas  drag  and  hence  a lower  limit  on  the 
amount  of  tidal  heating.  A putative  Neptune  nebula  was  modeled  after  a minimum  mass 
Uranus  nebula  and  is  assumed  to  be  isothermal  and  cool  ("nominal").  Triton's  initial 
apocenter  was  set  at  the  radius  of  the  sphere  of  influence,  consistent  with  numerical  studies  of 
retrograde  temporary  captures,  and  its  initial  pericenter  is  within  the  nebula.  Despite  strong 
evolution  of  both  semimajor  axis  and  eccentricity,  Triton's  inclination  changed  by  only  a small 
amount  (<  6°  overall  and  usually  smaller).  Results  are  not  sensitive  to  variations  in  the  sur- 
face density  or  temperature,  or  to  the  radius  and  density  of  Triton.  Thus  Triton  could  have 
evolved  to  its  present  retrograde  circular  orbit  by  gas  drag  alone,  and  massive  tidal  heating  is 
not  an  inevitable  consequence  of  capture.  Non-trivial  tidal  heating  is  still  likely,  though, 
because  Triton's  post  gas  drag  orbit  would  probably  be  significantly  eccentric. 

Despite  Triton's  large  mass,  single-pass  capture  is  found  to  be  energetically  favorable  for 
the  nominal  nebula.  Capture  is  also  possible  for  nebulae  that  are  less  massive  by  an  order  of 
magnitude  or  for  the  solar  gas  flowing  into  Neptune's  accretion  sphere  at  an  earlier  stage  of 
formation.  Survival  of  Triton  against  gas  drag  in  the  latter  case  is  unlikely,  but  the  former 
may  be  appropriate  for  the  compact  H and  He  depleted  nebulae  that  form  around  planets  such 
as  Uranus  and  Neptune  in  a variety  of  formation  scenarios.  Once  captured,  evolution  is  rapid 
(as  in  most  gas  drag  calculations),  with  the  orbital  angular  momentum  reduced  to  Triton's 
present  value  in  ~1CP  to  several  1CP  yr.  Nevertheless  Triton  may  survive,  for  it  is  massive 
and  nebular  evolution  may  be  rapid;  after  all,  capture  into  a circum-Neptunian  nebula  implies 
that  the  solar  nebula  has  dissipated  or  is  in  the  process  of  dissipating.  The  mass  and  angular 
momentum  of  Triton  and  that  of  a low-mass  (H  and  He  depleted)  nebula  are  comparable,  so 
orbital  evolution  for  such  a capture  may  "self- terminate."  In  particular,  Triton  may  clear  an 
annular  region  in  the  nebula  after  multiple  passes  through  it,  and  for  sufficiently  low  nebular 
kinematic  viscosities  (but  still  much  greater  than  molecular  values),  greatly  extend  its  lifetime. 
The  possibility  of  "self-termination,"  by  whatever  mechanism,  is  particularly  exciting. 
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Coupled  orbital  and  thermal  evolution  of  a captured  Triton 

Analysis  of  purely  tidally  evolving  Triton  has  also  been  pursued  (McKinnon  1988). 
Only  -4%  of  the  orbital  energy  available  post-capture  is  needed  to  completely  melt  (and 
differentiate)  the  satellite.  As  such,  orbital  collapse  and  cicularization  depend  on  Triton's 
internal  configuration  (its  effective  Q and  Love  number  k).  Dissipation  in  a mostly  molten 
Triton  is  likely  to  be  restricted  to  thin  solid  shells,  water  ice  at  the  surface  and  silicate  at  the 
core  mantle  boundary.  Subsolidus  ice  and  rock  in  these  shells  have  Maxwell  times  smaller 
than  the  orbital  period.  Conductive  heat  flow  through  the  shells  will  be  in  steady-state  balance 
with  tidal  input.  The  effective  Qs  of  the  shells  are  of  order  10  for  Maxwell  rheologies.  In 
this  case,  heat  flows  are  lower  than  in  a constant  Q/k  model  with  Q = 100  and  a k 
appropriate  to  a uniform  ice  sphere  (and  with  plausible  values  for  Triton  s mass  and  radius). 
Even  so,  the  ice  shell  is  under  1 km  thick  and  the  silicate  shell  (provided  it  is  a floating 
differentiate)  is  under  a few  km.  Variation  of  heat  flow  with  orbital  evolution  is  muted  (by  the 
1/2  power)  compared  to  constant  Q!k  models.  In  fact,  Triton's  heat  flow  varies  by  less  than 
a factor  of  two  over  an  ~500  Myr  period.  With  the  lifetime  of  a molten  Triton  so  extended, 
any  early  cratering  record  will  not  be  retained.  During  this  time,  tidal  energy  dominates 
insolation  at  the  surface,  and  Triton's  effective  temperature  is  -65-70  K.  An  extended  N2  (or 
CO)  atmosphere  is  possible,  but  not  one  of  CH4.  All  CH4  will  be  driven  to  the  surface, 
though,  and  may  be  liquid.  A radius  of  1750  km  and  a density  of  2.0  g/cm3  (similar  to  that  of 
Pluto)  is  assumed.  Thus,  even  with  an  elevated  effective  temperature,  Triton  is  a high  enough 
gravity  body  that  atmospheric  losses,  modeled  after  Hunten  and  Watson  (1982),  are  small, 
<500  m of  surface  CH4  or  condensed  N2  over  500  Myr.  Losses  may  be  increased  through 
interaction  with  a Neptunian  magnetosphere.  Heat  flow  may  be  lowered  and  orbital  evolution 
further  stretched  out  if  the  core  silicate  shell  is  negatively  buoyant,  overturning  before  it 
reaches  its  equilibrium  thickness.  Dissipation  within  the  liquid  regions  has  the  opposite 
effect.  A fundamental  caveat  is  that  the  amount  of  orbital  evolution  due  to  gas  drag,  described 
above,  is  poorly  constrained.  The  amount  of  tidal  heating  that  Triton  could  have  experienced 
may  be  much  smaller. 
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VOLATILE  PROCESSES  IN  THE  OUTER  SOLAR  SYSTEM 

Jonathan  I.  Lunine,  Lunar  and  Planetary  Laboratory,  University  of  Arizona, 
Tucson,  AZ  85721 


Thermal  Evolution  of  Titan's  Atmosphere  (with  Bashar  Rizk) 

A semi- analytic  model  is  constructed  of  the  evolution  of  Titan's 
atmosphere  and  surface.  The  model  assumes  the  presence  of  a massive 
(kilometer  - deep)  ethane -methane  ocean  at  the  surface,  which  serves  as  a 
reservoir  for  atmospheric  gases  important  in  determining  the  thermal  balance 
of  the  troposphere.  As  stratospheric  photolysis  irreversibly  converts 
methane  to  higher  hydrocarbons  with  time,  the  ocean  becomes  progressively 
enriched  in  ethane  and  depleted  in  methane.  The  resulting  change  in  the 
abundance  of  gases  drives  the  evolution  of  the  atmospheric  thermal 
structure.  The  solubility  in  the  ocean  of  nitrogen,  argon  and  hydrogen  is 
quantified  as  a function  of  methane  content,  which  permits  the  atmospheric 
composition  to  be  calculated  as  a function  of  ocean  composition.  The 
surface  temperature  as  a function  of  atmospheric  composition  and  surface 
pressure  is  calculated  using  a grey  atmosphere,  two- stream  approximation 
with  infrared  opacities  supplied  by  collisions  among  nitrogen,  methane  and 
hydrogen  molecules. 

A suite  of  evolution  models  corresponds  to  different  present-day  ocean 
compositions,  various  atmospheric  hydrogen  abundances,  and  different  schemes 
for  frequency -averaging  the  gas  opacity  for  use  in  the  grey  atmosphere 
formalism.  Over  a plausible  range  of  parameters  characterizing  present-day 
ocean  and  atmospheric  compositions,  slow  evolution  over  several  billion 
years  is  obtained  (Lunine  and  Rizk,  1989).  This  result  is  consistent  with 
the  original  motivation  for  postulating  an  ethane -methane  ocean,  namely, 
that  it  provide  a means  for  maintaining  the  atmosphere  observed  by  Voyager 
over  a reasonable  fraction  of  geologic  time  (figure  1).  Models  of 
atmospheric  evolution  in  the  absence  of  an  ocean  are  driven  by  stochastic 
resupply  of  methane  to  the  atmosphere  by  volcanism  or  impacts.  Variation  of 
solar  radiation  at  the  surface  due  to  changes  in  haze  column  abundance , 
tropospheric  clouds  and  the  increasing  solar  luminosity  with  time  are  not 
considered  in  the  present  effort.  The  results  show  that  methane  photolysis 
connects  the  properties  and  time  history  of  Titan's  atmosphere  and  possible 
ocean,  not  only  by  the  production  of  ethane  from  methane,  but  equally 
importantly  through  the  formation  of  molecular  hydrogen. 

Comet  Halley:  the  Role  of  Primitive  Bodies  in  Understanding  the  Physics  and 
Chemistry  of  the  Outer  Solar  System 

The  most  recent  results  on  abundances  of  molecules  in  Halley's  comet  are 
examined  in  the  context  of  various  models  for  the  environment  in  which 
comets  formed.  These  environments  include  molecular  clouds  associated  with 
star-forming  regions,  the  solar  nebula,  gaseous  disks  around  proto-planets, 
and  combinations  of  these.  Of  all  constituents  in  a cometary  nucleus,  the 
highly  volatile  molecules  such  as  methane,  ammonia,  molecular  nitrogen  and 
carbon  monoxide  are  most  sensitive  to  the  final  episode  of  cometary  grain 
formation  and  incorporation  in  the  comet's  nucleus;  hence  they  likely 
reflect  at  least  some  chemical  processing  in  the  solar  nebula.  Proper 
interpretation  requires  modeling  of  a number  of  physical  processes  including 
gas  phase  chemistry,  chemistry  on  grain  surfaces,  and  fractionation  effects 


60 


resulting  from  preferential  incorporation  of  certain  gases  in  proto- cometary 
grains.  The  abundance  of  methane  in  Halley's  comet  could  be  a key  indicator 
of  where  that  comet  formed,  provided  the  methane  abundance  on  grains  in 
star- forming  regions  can  be  observationally  constrained. 

A model  was  constructed  of  the  nebular  gas  from  which  Halley  formed 
based  on  the  assumption  that  the  most  volatile  gases  in  Halley  (except 
ammonia)  were  trapped  in  clathrate  hydrates  (Lunine,  1989a).  The  results 
can  be  summarized  as  follows  (1)  the  nebular  CO/CH4  ratio  was  order  10  , 
(2)  the  ammonia  abundance  in  the  nebula  was  in  the  range  10  - 10 

relative  to  water;  (3)  molecular  nitrogen  may  well  have  been  the  most 
abundant  nitrogen  species  in  the  nebula,  but  was  not  efficiently 
incorporated  in  the  icy  comet  grains;  (4)  carbon  dioxide  is  present  in 
Halley  as  both  dry- ice  and  trapped  gas  in  water  ice.  Implications  for 
nebular  physical  and  chemical  processes  (figure  2)  is  work  in  progress  with 
S . Engel  and  J . S . Lewis . 

Cosmochemical  inferences  concerning  the  identity  of  the  heavier  gas — in 
Pluto's  atmospheres  (with  R.V.  Yelle  and  W.B.  Hubbard) 


Recent  analysis  of  the  thermal  structure  of  Pluto's  atmosphere  yields  a mean 
molecular  weight  of  22  to  28  a.m.u.  (Yelle  and  Lunine,  1989),  well  above 
that  of  methane,  the  only  spectroscopically  identified  gas  in  Pluto's 
atmosphere.  The  derived  thermal  structure  reproduces  certain  features  of 
the  stellar  occultation  data  (Hubbard,  Yelle  and  Lunine,  1989),  so  the 
presence  of  a gas  heavier  than  methane  appears  to  be  a robust  conclusion. 
Candidate  gases  which  are  plausible  from  the  standpoint  of  solar  nebula 
models  are  carbon  monoxide,  molecular  nitrogen  and  argon.  Cosmochemical 
models  predict  argon  to  be  at  least  two  orders  of  magnitude  less  abundant 
than  the  carbon-bearing  species,  and  roughly  an  order  of  magnitude  less 
abundant  than  nitrogen.  Molecular  nitrogen  is  a potentially  attractive 
candidate  as  the  heavier  gas,  insofar  as  it  dominates  the  atmosphere  of 
Titan  and  may  be  present  on  Triton.  However,  its  presence  on  Titan  is  most 
readily  explained  as  the  product  of  photolysis  and  shock  chemistry  of 
ammonia  early  in  that  satellite's  history.  If  Pluto  formed  in  a gaseous 
nebula  dominated  by  water,  methane  and  ammonia  (as  predicted  for  Titan),  it 
would  have  a bulk  density  of  1.5  to  1.6  g/cm^ , well  below  the  system  value 
of  roughly  2.0  g/cm^ . The  most  likely  heavy  gas  for  Pluto  is  carbon 
monoxide,  predicted  to  have  been  an  abundant  carbon-bearing  gas  in  the  outer 
solar  nebula.  The  bulk  density  of  Pluto  is  consistent  with  a solar  nebula 
dominated  by  carbon  monoxide  as  the  major  carbon-bearing  molecule.  Small 
amounts  of  methane  in  the  nebula  would  have  been  preferentially  trapped  in 
water  ice  which  accreted  to  form  Pluto,  consistent  with  a mixed  methane- 
carbon  monoxide  atmosphere  at  present  (and  consistent  with  the  methane  and 
carbon  monoxide  abundances  in  Comet  Hally) . Lesser  amounts  of  nitrogen  and 
argon  in  Pluto's  atmosphere  are  predicted  by  this  model. 
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T!ME  BEFORE  PRESEN',  GY 


Figure  1:  Evolution  of  Titan's  surface  temperature  with  time,  both  with  and 
without  a changing  solar  flux.  From  Lunine  and  Rizk  (1989). 
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Figure  2:  Physical  and  chemical  processes  in  the  solar  nebula.  From  Lunine 
(1989b) . 
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FORMATION  OF  ANTIPODAL  TERRAINS  ON  ICY  SATELLITES 

A.  Watts,  R.  Greeley,  Arizona  State  University,  Tempe,  Arizona,  85287  and 
H.  J.  Melosh,  University  of  Arizona,  Tuscon,  Arizona,  85721 

It  has  been  proposed  (Schultz  and  Gault,  1975)  that  seismic  energy  from  a major  impact 
could  cause  extensive  crustal  fracturing  and  surface  disruption  on  the  portion  of  the  planet 
directly  opposite  the  impact.  Disrupted  terrains  of  this  type  have  been  identified  on  Mercury 
antipodal  to  the  Caloris  impact,  and  on  the  Moon  antipodal  to  Imbrium.  Although  some 
analyses  have  assessed  the  focusing  of  seismic  energy  at  the  planetary  antipodes  (Schultz  and 
Gault,  1975;  Hughes  et  al.,  1977;  Rial  and  Cormier,  1985),  an  in-depth  analysis  of  the 
problem  has  not  been  performed  for  icy  satellites  or  for  a layered  body  of  any  composition. 
Schultz  and  Gault  (1975)  calculated  the  seismic  effects  from  a major  basin  formation  on  a 
homogeneous  silicate  Moon.  This  study  did  not  include  the  effects  of  either  attenuation  or 
layering,  but  showed  clearly  that  some  degree  of  seismic  focusing  of  both  body  waves  and 
surface  waves  should  occur  at  the  antipode.  In  1977  Hughes,  App  and  McGetchin  re-evaluated 
the  problem  using  a finite  difference  computer  code. 

The  study  in  progress  extends  the  work  of  Hughes  et  al.  (1977)  to  include  the  effects  of 
layering  (especially  in  the  form  of  a high  density  core),  and  composition  (both  icy  and  silicate). 
It  also  includes  an  analytical  treatment  of  spallation,  an  effect  which  is  not  discussed  in  detail  in 
either  of  the  previous  papers.  Calculations  are  performed  on  a two  dimensional  half  circle  grid; 
three  dimensional  interactions  and  deviations  from  a homogeneous  concentric  shell  model  are 
beyond  the  scope  of  the  current  phase  of  this  study.  The  calculated  disruptions  will  then  be 
compared  to  those  observed  areas  on  icy  satellites  which  occur  antipodal  to  major  impacts.  The 
presence  or  absence  of  an  observed  "antipodal  terrain"  in  an  area  where  models  predict 
disruption  may  make  it  possible  to  constrain  models  of  satellite  interiors  at  the  time  of  impact. 
In  the  first  section  of  this  study  theoretical  calculations  are  being  used  to  predict  antipodal 
disruption  under  a variety  of  conditions.  In  the  second  section  a set  of  calculations  specifically 
designed  to  simulate  particular  satellites  will  be  run.  The  surfaces  of  these  satellites  antipodal  to 
major  impacts  will  be  compared  to  the  calculated  disruption  for  an  impact  of  that  size  on  that 
planet/satellite. 

Part  1;  analytical  models.  The  initial  impact  energy  distribution  models  are  produced  using  a 
modified  SALE  (Simplified  Arbitrary  Lagrangian  Eularian)  computational  code  written 
by  A. A.  Amsden  et  al.  in  1980  This  code  will  be  used  to  calculate  the  development  of  a 
material  flow.  The  code  is  initialized  as  a computational  grid  with  the  desired  pressures, 
material  characteristics,  and  initial  velocities  defined  for  each  grid  element.  It  then  calculates  the 
response  of  the  material  over  time,  both  from  internal  forces  and  external  forces. 

A series  of  calculations  have  been  performed  for  planets  with  a range  of  compositions 
and  core  sizes.  It  has  been  found  that  in  a planet  with  a high  density  core  surrounded  by  a 
lighter  mantle  material  (ice  over  a silicate  core,  or  silicate  over  iron),  the  incident  pressure  wave 
splits  when  it  strikes  the  core.  The  part  which  passes  through  the  core  moves  more  rapidly  and 
is  refracted  away  from  the  antipode.  It  strikes  the  surface  at  some  distance  from  the  antipode 
and  may  overlap  with  the  second  pan  of  the  wave,  which,  missing  the  core,  has  traveled 
directly  through  the  mantle.  Refraction  of  the  wavefront  through  the  core  may,  therefore, 
decrease  the  pressure  generated  at  the  antipode  and  redistribute  some  of  the  pressure  front  to 
the  surface  adjacent  to,  but  not  at,  the  antipode.  Antipodal  and  near  antipodal  calculated 
pressures  have  been  plotted  as  a function  of  core  size  (Fig.  1).  It  can  be  seen  that  the 
redistribution  is  minimal  for  the  smallest  and  largest  core  sizes,  and  largest  for  a core  with  a 
radius  of  about  1/3  the  planetary  radius. 
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Part  2;  Calculations  and  comparison.  When  studying  antipodal  terrains  on  satellite  surfaces 
two  factors  must  be  considered:  the  conditions  of  the  body  at  the  time  of  impact,  and  modifying 
effects  which  may  have  subsequently  altered  the  surface.  If  initial  conditions  were  such  that  a 
impact  would  be  expected  to  produce  an  antipodal  terrain,  but  no  antipodal  features  are 
observed,  resurfacing  effects  must  be  considered.  Resurfacing  could  effectively  erase  features, 
and  although  viscous  relaxation  would  not  be  expected  to  erase  short  wavelength  features  such 
as  the  hummocky  terrain  found  on  the  Earth's  moon  and  Mercury,  it  could  produce  degradation 
of  longer  wavelength  features  (Parmentier  and  Head,  1981). 

If  antipodal  features  are  retained  on  the  surface  they  could  occur  in  several  forms. 
Hummocky  terrain,  mass  wasting,  and  furrowed  crater  walls  have  been  recognized  antipodal  to 
major  impacts  on  the  Earth's  moon  and  Mercury  (Schultz  and  Gault,  1975).  Radial  lineaments 
and  concentric  ring  features  have  also  been  noted  antipodal  to  the  Caloris  impact  on  Mercury 
(Schultz  and  Gault,  1975).  Features  which  may  have  formed  in  response  to  an  antipodal  impact 
have  been  identified  on  several  icy  satellites.  Thomas  and  Veverka  (1979)  have  suggested  that 
the  large  number  of  fissures  and  grooves  on  Mimas  are  related  to  impact.  The  abundant 
lineaments  on  Tethys  (Moore  and  Ahern,  1983)  and  the  wispy  terrain  on  Dione  (Plescia,  1983) 
may  also  be  impact  related  features.  Blount  et  al.  (1987)  identified  one  or  more  possibly  impact 
induced  antipodal  features  on  eight  icy  satellites. 

Fig.  2 lists  the  highest  antipodal  pressures  generated  for  the  models  run  to  date.  The 
initial  energy  listed  is  the  total  impact  energy  required  to  form  the  observed  crater.  This  energy 
has  been  calculated  with  the  Holsapple-Schmidt  crater  scaling  law.  The  compressive  strength 
of  ice  is  approximately  5x10^  Pa,  slightly  greater  than  the  pressure  generated  at  the 
Tethys/Odysseus  antipode.  The  tensile  strength  (4.0  x 106  Pa)  is  exceeded  by  the  pressure 
generated  by  all  impacts  run  to  date  except  the  Tirawa  impact  on  Rhea.  Spallation  will  occur  on 
surfaces  where  the  tensile  strength  has  been  exceeded,  and  the  surface  material  undergoes 
acceleration. 

This  project  has  produced  a versatile  code  which  can  be  used  to  calculate  antipodal 
disruptions  for  a variety  of  planetary  models  and  impact  types.  We  have  found  that  while 
antipodal  focusing  should  occur  on  icy  satellites  the  presence  of  a core  may  inhibit  the  antipodal 
focusing  effect  and  may  even  redirect  the  focusing  to  an  area  away  from  the  antipode. 
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PI  AN  FT 
Moon 

Moon  w/core 

CRATER  (Km  Diam) 

_Eioim 

pressure 

Imbnum  (600) 

6.1E27 

1.9E9 

1.9E9 

Tethys 

Tethys  w/core 

Odysseus  (400) 

3.2E24 

7.1E7 
4 5E7 

Rhea 

Rhea  w/core 

Tirawa  (350) 

5.4E23 

4.0E6 
3.1  E6 

Mimas 

Hershel  (130) 

3.0E21 

Callisto 

VallhaJa  (400) 

1.0E25 

9.0E6 

g.  2.  Table  showing  antipodal  pressures  computed  for  several  Impacts. 
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RIDGE  AND  TROUGH  TERRAIN  IN  ELSINORE  CORONA,  MIRANDA 

Tempi AZP8S287d°  Greetey’  De’’anmem  °f  Geology,  Arizona  State  University, 
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fracturing  and  normal  faulting)  can  produce  this  morphology.  Local  extension  might  occur  in  a 
compressional  stress  regime  (along  fold  crests),  but  the  lack  of  candidate  compressional  features  1 
the  north-south  band  means  that  there  is  no  clear  evidence  for  compression  there,  only  extension. 

Sinker  and  riser  models  [9]  predict  identical  stress  states  in  the  north-south  and  the  Ridged 
bands  Thus,  the  evidence  for  extension  and  the  lack  of  evidence  for  compression  in  the  nonh- 
south  band  calls  the  compressional  model  into  question.  Addiuonal  arguments  can  be  made  for  die 
outer  bands  of  Elsinore  Corona  having  formed  in  an  environment  of  extensional  stress.  l)Straig  t 
Troughs,  which  are  probably  tension  fractures  or  graben  (as  discussed  above),  also  occur » 
Ridged  band.  2)It  has  been  argued  that  Elsinore  Corona  is  at  least  partially  volcanically  resurfaced 

[8],  suggestive  of  an  extensional  regime.  3)Limb  profiles  [13]  and  images  demonstrate  that  troughs 
bound  Elsinore  Corona  on  its  three  visible  sides.  Prominent  bounding  troughs  are  predicted  to 
occur  at  the  margins  of  rift  zones  [14],  and  the  presence  of  similar  structures  has ^been  used lo 
argue  an  extensional  origin  for  Ganymede  s ridge  and  trough  terrain  [e.g.  ].  ) y 

bounding  trough,  Elsmore  Corona  is  bordered  by  a rise  of  -1  km  ( 1 3]  .ha.  can  be  m.erprc.ed  as  an 
isostatic  response  to  adjacent  normal  faulting  [15].  5)Within  its  southern  boundary,  the  Ridged 
band  contains  troughs  that  appear  to  be  arranged  en  echelon  (Figure  1),  indicative  of  oblique 
extension.  This  evidence  indicates  that  the  outer  bands  of  Elsinore  Corona  are  are  likely  to  have 

been  sites  of  extension.  , , , ..  . , • 

An  extensional  environment  implies  that  Elsinore  Ridges  may  be  horsts,  linear  extrusions  of 
high  or  low  viscosity  material,  or  anticlinal  laccoliths  lifted  by  large-scale  linear  intrusions.  Some 
Elsinore  Ridges  are  morphologically  similar  to  Ganymede  ridges  (type  G2)  as  examined  by  [16]  in 
that  they  can  be  sharp-crested  and  terraced  in  profile;  moreover,  they  are  of  essentially  the  same 
scale.  The  major  morphological  differences  are  that  Elsinore  Ridges  pinch  and  swell,  can  be 
discontinuous  along  their  length,  and  blend  into  the  level  of  surrounding  terrain  where  one  or  both 
of  their  bounding  troughs  terminate.  Topographic  lows  adjacent  to  Elsinore  Ridges  do  not  appear 
flooded,  arguing  against  formation  of  these  ridges  by  extrusion  of  low-viscosity  material.  The 
ridges  do  not  exhibit  smooth  parabolic  profiles  and  lobate  termini,  as  would  be  expected  of  viscous 
extrusions  No  evidence  exists  for  associated  laccoliths  of  circular  plan,  arguing  against  formation 
of  ridges  by  laccolithic  intrusion.  The  observations  are  consistent  with  the  formation  ot  these 
ridges  as  horsts,  separated  by  graben  of  various  widths.  Research  continues,  however,  into  ot  er 
possible  mechanisms.  The  presence  of  Elsinore  Ridges  in  the  Ridged  band  and  their  absence  in  the 
north-south  band  may  be  due  to  differences  in  lithospheric  thickness  at  the  times  of  band 
formation,  in  amount  or  rate  of  extension,  or  in  degree  or  timing  of  volcanic  resurfacing. 

The  influence  of  extensional-tectonics  appears  to  be  pervasive  on  all  four  icy  satellites  on  which 
ridge  and  trough  terrain  is  observed.  Such  has  been  previously  argued  for  Ganymede  and 
Enceladus  [3-7],  and  the  morphologic  characteristics  of  certain  ndge  and  trough  types  on  Miranda 
and  Ariel  point  to  an  extensional-tectonic  origin.  However,  while  it  is  tempting  to  attribute  the 
variety  of  observed  morphologies  to  similar  processes,  not  all  ridge  and  trough  terrains  on  icy 
satellites  display  those  fundamental  characteristics  (such  as  bounding  troughs,  negative  relief  or 
widely  space  troughs)  which  have  been  used  to  argue  an  extensional  origin  for  Ganymede  s 
prototypical  "grooved"  terrain.  Extrusive/intrusive  processes  may  be  locally  important  in  creating 
ridges  and  troughs  on  all  four  satellites,  and  research  into  this  possibility  is  continuing. 
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Ridge/Trough  Type* 

Miranda 

Ml:  Straight  Troughs 
M2:  Elsinore  R Idges 

M3:  Close-Packed t 
M4:  A symmetrical 
Ariel 

Al:  Medial  Troug hs 
A2:  Curvilinear  R Idges 
A3:  Curvilinear  T rou ghs 
A4:  Close-Packed  t 
Enccladus 

El:  Curvilinear  Troughs 

E2:  Large  Ridges 

E3:  Sinuous  Ridges 
Ganymede 

Gl:  Broad  Ridges 
G2:  Close-Packed  t 

G3:  Braided 


Distinguishing  characteristics 


Occurrence* 


Linear  to  curvilinear,  narrow  (-1-3  km),  may  be  widely  spaced  in  sets. 

Small  ridge-width/trough-width,  ~2-6  km  wide,  discontinuous  along  strike, 
may  pinch  and  swell,  bounding  troughs,  terraced,  flat  to  sharp-crcstcd  profile. 
Linear  to  curvilinear,  narrow  (~1  km),  close-packed. 

Topographically  low,  asymmetrical  in  profile. 

Sinuous  to  curvilinear,  raised  rims,  occur  singly  or  in  sets. 

Flat  to  convex,  widths  —10  km,  trough-bounded,  indistinct  sets. 

May  have  broad  Oat  intervening  ridges,  widths  -10  km,  indistinct  sets. 

Linear  to  curvilinear,  narrow  width  (-5  km). 

Widely  spaced,  may  bound  Type  E2  ridges,  may  display  raised  flanks. 
Curvilinear,  small  lengih/width  ratio,  bounding  troughs,  convex. 

Sinuous,  narrow  (~4  km),  associated  with  largest  Type  E2  ridge. 

Flat  to  rounded,  intervening  narrow  troughs. 

Linear  to  curvilinear,  may  intersect  or  merge  along  strike,  close-packed, 
secondary  spacing  distances,  terraced,  sharp-crcstcd,  U-shaped  troughs  (4,16). 
Ridges  display  fine  braided  pattern,  bounding  troughs. 


M 

RT 

RT 

RT.CT 


CL 

GL.GP 


Wk"  °f  * ty  T V COnS,5“ne  of  Trough*,"  or  "Ridges  and  Troughs"  is  dcscnpt.vc  and  is  nor  intended  to  imply 

process.  Where  unspecified  in  a type  s name,  Ridges  and  Troughs"  is  implied  'menued  to  imply 

t Close-packed"  indiea.es  a senes  of  adjacent  ndges  and  troughs  of  similar  width,  as  ts  common  on  Ganymede 


Table  7.  Classification  of  ridge  and  trough  morphologies. 


Figure 

drawn 


7.  Sketch  map  of  major  ridges  and  troughs  in  the  outer  bands  of  Elsinore  Corona,  Miranda 
trom  a Lambertian  equal-area  projection  centered  about  -30*  latitude,  255*  longitude. 


68 


RHEOLOGIES  OF  PLANETARY  ICES 

W.  B.  Durham,  UCLLNL,  Livermore,  CA  94550;  and  S.  H.  Kirby,  USGS,  Menlo  Park,  CA  94025, 


As  part  of  an  ongoing  experimental  study  of  the  mechanical  behavior  of  ices  under  extratejTestrial 
conditions,  we  have  been  measuring  the  strength  of  various  kinds  of  ices  that  are  likely  to  be  present  on  the 
surfaces  and  in  the  interiors  of  icy  moons  in  the  outer  solar  system.  We  report  here  recent  ™ * 

phases  of  our  work,  mixtures  of  rock  + water  ice  (which  has  application  to  the  !cy  Gahlean  giants  • 
Ganymede  and  Callisto),  and  ices  in  the  NH3-H20  system  (which  has  application  to  the  satellites  of  Saturn 

and  beyond). 

Flow  and  Fracture  of  Tce/Rock  Mixtures.  We  have  studied  the  effects  of  sized  particulates  of  SiC, 
calcite,  and  quartz,  in  volume  concentrations  <|>  from  0.001  to  0.56,  of  grain  sizes  1 to  150  pm,  at  tempera- 
tures from  77  to  223  K,  at  confining  pressures  to  100  MPa,  and  at  strain  rates  front  3.5  x 10  to 
3 5 x 1 0-6  s-1  in  an  ice  matrix  of  grain  size  0.8  to  1.5  mm.  To  summarize  our  findings,  below  (J)  0.  0 

none  of  the  particulates  has  a measurable  effect  (resolution  is  about  ±5%)  on  the  steady-state  strength  o ice 
in  the  so-called  ductile  field,  where  plastic  flow  occurs.  At  <|>  > 0.10,  the  ductile  strength  of  ice  increases 
with  increasing  particulate  concentration.  Coarse  particulates  also  toughen  ice,  that  is,  they  extend  its  range 
of  ductility  and  make  it  less  prone  to  catastrophic  brittle  failure. 

Some  of  the  more  important  results  are  shown  in  Figs.  1 and  2.  In  Fig.  1 we  compare  the  stress  vs 
strain  behavior  of  pure  ice,  ice  mixed  with  calcite  (<|>  = 0.20),  and  ice  mixed  with  quartz  sand  («>  = 0.10  and 
0.56)  at  conditions  of  fixed  temperature  and 
strain  rate.  These  results  are  typical  for  the 


temperature  range  160  to  223  K.  One  sees 
subtle  differences  in  the  transient  portion  of  the 
curves  (where  differential  stress  changes  with 
shortening).  In  the  steady-state  portion,  where 
the  curves  flatten  out,  the  pure  ice  samples  and 
SiC-doped  samples  (not  shown  in  Fig.  1)  con- 
verge to  nearly  the  same  strength.  The  <J>  = 
0.20  calcite  samples  are  about  10%  stronger 
than  the  pure  ice.  For  silicate  particulates  in 
the  ductile  field  (Figs.  1 and  2),  the  strength  for 
<|>  = 0.10  is  barely  distinguishable  from  that  of 
pure  ice;  for  <()  = 0.56,  strength  is  a factor  of  3 
higher  than  for  pure  ice.  The  one  4>  = 0.30 
sample  tested  was  stronger  than  pure  ice  by  a 
factor  of  less  than  1.5.  These  strength  contrasts 
are  about  one-half  to  one-third  those  predicted 
for  Newtonian-viscous  matrix  material  (1).  Ice 
is  non-Newtonian  at  the  conditions  of  our 
experiments  (strain  rate  depends  on  stress 
raised  to  the  power  n,  where  n = 4 to  5),  and 
the  lower  strength  contrasts  are  to  be  expected. 

The  data  are  sparse  in  the  brittle  field. 
Two  samples  of  = 0.30  (quartz)  failed  catas- 
trophically at  77  K and  a differential  load  of 
189  and  152  MPa,  respectively,  vs  approxi- 
mately 170  MPa  for  pure  ice.  Four  samples  of 
<t>  = 0.30  and  0.56  at  77  K apparently  had 
jacket  leaks,  but  rather  than  failing  at  the  50- 
MPa  level  typical  of  pure  ice  in  the  unconfined 
condition,  they  failed  at  62  to  119  MPa. 

The  presence  of  quartz  particles  (and 
perhaps  SiC  and  calcite,  although  it  was  not 
investigated)  toughens  as  well  as  strengthens 
ice.  For  example,  although  the  4>  = 0.10 
icc/quartz  mixture  has  about  the  same  ductile 
strength  as  pure  ice,  the  brittle-to-ductile  transi- 
tion occurs  at  much  lower  temperatures  than 
for  pure  ice.  Thus,  at  143  K and  a strain  rate 
of  3.5  x 10-6,  where  pure  ice  fails  in  a brittle 


Shortening 


Figure  1.  Experimental  stress-strain  curves  for  various 
ice/rock  mixtures.  Stresses  have  been  corrected  for  cross- 
section  changes  during  deformation.  Shortening  is  defined  as 
displacement  divided  by  original  sample  length. 
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manner,  the  <t»  = 010  mix  flows  plastically  at  141  MPa.  Even  at  77  K,  the  ice/rock  samples  showed  signs  of 
toughening.  The  higher-than-normal  unconfined  strengths  cited  above  is  one  example.  The  failure  that 
occurred  at  77  K was  also  not  as  sudden  as  with  pure  ice,  but  was  drawn  out  over  a period  of  1 or  2 s or 
was  preceded  by  behavior  reminiscent  of  yielding.  We  suggest  that  the  silicate  particles  toughen  the  ice’ by 
limiting  the  flaw  (i.e.,  microcrack)  size,  either  to  the  size  of  the  particles  or  to  the  interparticle  spacing. 

No  evidence  for  dispersion  hardening  (dislocation  and  grain  boundary  pinning)  was  observed  using 
SiC  and  calcite  particulates  in  ice  samples,  even  for  grain  sizes  near  1 Jim.  r 


T(K) 


Figure  2.  Steady-state  flow  strengths  compared  for  volume  concentrations  of  quartz  sand  from  <J)  = 0 to  0.56. 
The  <(>  = 0 line  was  taken  from  earlier  work  (2)  and  the  error  bar  encompasses  the  scatter  of  experimental  data  Solid 
and  open  squares  represent  results  from  the  present  study.  The  curve  for  <)>  = 0.30  is  derived  from  measurements  (not 
shown)  at  higher  strain  rates. 


. . Rheology  of  NH3-H2Q  Ices.  We  have  measured  the  mechanical  strength  of  ammonia-water  mixtures 
with  bulk  compositions  of  1,  5,  15,  and  29  wt%  NH3  at  temperatures  between  130  and  179  K.  The  phase 
diagram  for  NH3-H2O  predicts  that  these  samples  should  all  be  mixtures  of  water  ice  plus  ammonia  dihy- 
drate (NH3*2H20).  X-ray  diffraction  analyses  performed  on  7 of  our  undeformed  samples  verified  that  our 
starting  samples  of  1,  5,  and  15  wt%  NH3  are  almost  entirely  composed  of  the  expected  amounts  of  H?0  ice 
and  dihydrate,  with  only  minor  quantities  (<1%)  of  the  metastable  monohydrate  phase. 
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Most  of  our  latest  results  are  shown  in  Fig.  3.  The  qualitative  indication  of  the  results  is  that  the 
water  and  dihydrate  phases  do  not  interact  physically  or  chemically  in  a tray  ^at  affects |^rhe<)logy  at  these 
temperatures.  Peritectic  melting  has  a dramaUc  effect  on  strength  at  15  and  29%  NH3,  but  not  at  5%.  T e 
effect  of  increasing  confining  pressure  up  to  100  MPa  appears  to  be  only  the  familiar  weakening  effect  that 

occurs  in  ice  I (2). 


T (K) 

180  170  160  150  140 


Figure  3.  Experimental  data  on  the  flow  and  fracture  of  ices  in  the  NH3-H2O  system  Symbols  have  shapes  and 
fillings  to  indicate  strain  rate  (e)  and  NH3  content.  The  ghost  figures  represent  data  measured  at  P = 80  to  100  MPa  (vs 
50  MPa  for  most  of  the  data)  and  indicate  a neutral  to  slight  weakening  effect  of  increasing  pressure.  The  flow  law  for 
ice  I is  taken  from  reference  (2).  Down-  and  up-pointing  arrows  indicate  that  data  are  upper  and  lower  limits,  respec- 
tively. Low-strength  data  along  the  bottom  of  the  figure  are  from  a 15%-NHj  sample  that  was  inadvertently  warme 
180  K before  deformation  X-ray  analysis  showed  considerable  development  of  monohydrate  m the  refrozen  sample. 
2 LTSa  STS  vi  (ids  lo ihe  behavior  ,1  i = 3.5xl0  V‘  ai  d*  .hreo  dWereo,  NH,  concent™™,.  No« 
that  the  total  loss  of  strength  that  occurs  at  the  peritectic  temperature  T = 176  K for  the  29%-NH3  sample  is  delayed  to 
hieher  temperatures  for  the  15%  sample,  and  not  yet  seen  (to  X = 180  K)  in  the  5%  sample.  Not  shown  is  one  po 
measured  on  a 29%-NH3  sample  at  X = 130  K and  E = 3.5xl0-Vl.  That  sample  failed  m brittle  fashion  at  a differential 

stress  of  97  MPa. 
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Coupled  Geophysical  and  Dynamical  Processes  on  Icy  Satellites 
Richard  Greenberg,  University  of  Arizona 


1 . Miranda 


Miranda  is  the  innermost  and  smallest  of  the  major  Uranian 
satellites.  Before  the  Voyager  encounter,  Miranda  was  expected  to  be  a 
cold,  cratered  snowball  similar  to  Mimas,  virtually  devoid  of 
endogenically  derived  surface  features.  The  only  known  anomaly  was 
Miranda's  inclined  orbit.  However,  the  actual  encounter  revealed  a 
unique  and  startling  assemblage  of  geologic  structures:  a rolling 

heavily  cratered  terrain,  probably  the  oldest  surface  in  the  Uranian 
system,  three  enigmatic  coronae,  the  youngest  surfaces  in  the  system, 
exhibiting  variations  on  a basic  concentric  pattern;  and  a network  of 
canyons,  both  bounding  and  cutting  the  other  terrains.  Understanding 
Miranda's  unique  and  complex  structure  requires  an  interdisciplinary 
approach.  Drawing  on  the  observed  geology,  photometry  and  geophysical 
data,  with  a consortium  of  researchers  we  have  examined  various  processes 
and  properties  that  may  have  contributed  to  Miranda's  evolution. 


The  global  network  of  extensional  graben  indicates  a planetary 
volume  expansion  of  a few  percent.  The  temperature  rise  necessary  for 
such  an  expansion  could  not  be  the  result  of  accretional  or  solar 
heating.  Radiogenic  heating  would  be  sufficient  if  clathrates  provided 
insulation.  Tidal  dissipation,  which  would  be  accompanied  by  orbital 
changes,  could  also  provide  significant  amounts  of  heat.  Flow  features 
on  the  surface  additionally  require  some  admixture  of  a viscosity- 
lowering material.  Sufficient  quantities  of  such  exotic  materials  are 
cosmochemically  plausible  and  are  not  ruled  out  by  spectroscopy. 


Two  distinct  populations  of  impact  craters  are  seen:  young  fresh 

ones  and  old,  worn  ones.  Their  statistics  and  comparisons  with  other 
satellites  suggest  that  the  impactor  source  population  evolved  through 
time  Temporal  demarcation  between  the  two  crater  populations  is  most 
likely  an  impact  in  the  area  of  Arden  Corona  which  mantled  the  entire 
imaged  portion  of  the  moon  with  ejecta.  The  coronae  themselves  are 
unique  to  Miranda,  certainly  in  scale  and  perhaps  in  morphology  as  well. 
Proposed  methods  of  formation  include  relaxation  of  topographic  highs 
lithospheric  stress  driven  by  density  anomalies  in  the  asthenosphere  ’and 
diapirs,  which  either  breech  the  surface  or  feed  large  scale  volcanic 
flooding  through  pre-existing  crack  structure.  The  competing  scenarios 
have  specrf rc  requirements  and  implications,  but  current  data  are 
insufficient  to  choose  between  them,  or  even  to  determine  whether  all  the 
coronae  were  formed  the  same  way.  Despite  being  the  object  of  Voyager's 
closest  examination,  Miranda  remains  tantalizingly  enigmatic.  However 

varipf1SOf  w^th. other  icy  moons  of  similar  size  helps  define  the  possible 
anety  of  physical  and  chemical  processes  involved  in  satellite 
tormation  and  evolution. 
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2.  Tidal  Heating  of  a Blockv  Satellite  (with  G.  Ojakangas) 


If  Miranda  is  composed  of  a weakly  consolidated  aggregation  of 
large,  discrete  blocks,  as  suggested  in  some  scenarios,  cyclical  tidal 
strains  as  well  as  strains  due  to  chaotic  rotation  may  be  largely 
confined  to  regions  near  the  boundaries  of  the  constituent  blocks . The 
total  rate  of  tidal  dissipation  in  such  a body  is  roughly 

dE/dt  = GM2(n/a)  (r/a)5e2  [ (nr7/pgr)  (s/6)/(l+C(n»7/pgr)2(s/6)2)  ] 

(Ojakangas  1989,  in  preparation)  where  r]  is  the  viscosity  of  the  material 
near  the  boundaries  of  the  blocks  (where  the  strain  occurs),  s and  5 are 
the  characteristic  linear  dimension  of  the  blocks  and  the  characteristic 
separation  between  them,  respectively,  p is  the  satellite  density,  and  C 
is  a constant  of  order  unity.  For  non- synchronous  (e . g. ^chaotic) 
rotation,  the  rate  is  increased  by  removing  the  factor  e from  the 
equation . 

The  factor  in  square  brackets  balances  the  relative  effects  of 
viscous  stresses  and  self - gravity . It  is  equivalent  to  3k2/Q  in  the 
usual  tidal  dissipation  equation.  The  equation  above  was  derived 
assuming  that  the  gaps  between  blocks  are  considerably  narrower  than  the 
block  size  (s/6»l)  ; within  this  range  of  validity,  as  gap  width 
increases  (s/6  decreases),  the  equation  approaches  the  expression  for  a 
homogeneous  viscous  body.  The  derivation  also  assumes  that  there  is  no 
dissipation  within  the  blocks.  Thus,  for  vanishingly  small  interstices 
(5=0),  the  equation  gives  zero  dissipation.  In  fact  in  this  limit  the 
satellite  is  a monolith  and  dissipation  within  the  solid  material 
dominates . 

If  Miranda  comprises  blocks  that  came  together  by  collisional 
accretion,  they  probably  do  not  fit  together  very  closely:  s/6  would 

probably  be  no  larger  than  ~102 . On  the  other  hand,  if  Miranda  has  been 
cracked  (e.g.  by  geophysical  or  impact  effects)  into  large  blocks  that 
were  originally  seamlessly  connected,  s/6  could  be  larger.  For  example, 
if  the  blocks  are  10  - 100  km  in  size,  separated  by  shear  zones  of  10  - 
100  m in  thickness,  s/6  could  be  as  large  as  10^. 

The  dissipation  rate  given  above  is  a maximum  for  viscous  stresses 
comparable  to  self  - gravity : r?  - 1013/(s/6)  P.  For  example  if  s/6  - 100 

the  maximum  dissipation  is  achieved  with  a viscosity  of  10  P.  The 
equivalent  value  of  k2/Q  would  be  -1 , a very  dissipative  body. 

Significant  enhancement  of  dissipation  over  simple  elastic  dissipation 
would  be  possible  for  a wide  range  of  values  of  s/5  and  viscosity. 
Viscosities  of  the  required  order  at  block  boundaries  are  quite  plausible 
for  the  materials  possible  in  Miranda.  Major  enhancements  in  tidal 
heating  rates  are  thus  possible  with  blocky  structure. 

It  should  be  noted  that  although  dissipation  is  concentrated  along 
block  interfaces  in  this  model,  the  heat  produced  cannot  remain  confined 
to  the  regions  between  blocks  unless  a heating  event  occurs  on  a 
timescale  shorter  than  the  thermal  diffusion  time  across  a distance  6,  At 
~ 62//c  - (5/100  m)250  yr  for  thermal  diffusivity  k - 0.1  cjn2/sec.  Thus, 
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if  volcanism  or  other  geophysical  processes  occurred  as  a result  of 
heating  along  block  boundaries,  the  temperature  of  most  of  the  interior 
of  the  body  must  be  raised  to  the  temperature  at  which  inter-block 
material  is  mobilized  (unless  thermal  runaways  at  block  boundaries  can 
occur  on  extremely  short  timescales) . These  considerations  argue  against 
the  speculation  that  non-uniformity  of  heat  deposition  played  an 
important  role. 


While  we  have  shown  here  that  blocky  structure  may  have  greatly 
increased  the  tidal  heating  rate  compared  to  the  standard  lossy-elastic 
model,  it  is  important  to  emphasize  that  the  total  amount  of  available 
energy  is  still  limited.  The  faster  dissipation  means  that  the 
eccentricity  of  Miranda's  orbit  and/or  any  non- synchronous  rotation  would 
tend  to  damp  proportionately  quickly,  shutting  off  the  tidal  heating 
process . 6 


3-  Cycloidal  Ridges  on  Europa  (with  M.  C.  Nolan) 

The  curved  shape  of  island  arcs  on  Earth  is  generally  attributed  to 
bending  subducting  crustal  plates  under  the  constraints  of  spherical 
geometry.  Quantitatively,  this  explanation  does  not  fit  parameters 
measured  on  Earth,  presumably  due  to  geological  complications.  However 
we  find  it  fits  the  cycloidal  ridges  on  Europa  well.  In  our  model 
horizontal  compressive  stress  is  relieved  with  minimal  energy  expenditure 
by  bending  one  part  of  the  crust  under  the  other,  as  thrust  faulting  if 
not  as  true  subduction.  Spherical  geometry  requires  that  bending  occur 
along  an  arcuate  path.  If  the  joint  continues  along  an  arc  more  than  a 
few  tens  of  degrees,  it  changes  direction  significantly;  so  at  intervals 
there  must  be  discontinuities  (cusps)  to  keep  the  joint  oriented 
correctly.  On  the  other  hand,  the  minimum  energy  constraint  tends  to 
minimize  the  number  of  cusps , each  of  which  requires  local  crushing  to 
relieve  stress.  This  determines  the  configuration  of  long  chains  of 
arcuate  ridges  on  Europa.  Our  quantitative  analysis  shows  that 
compressive  distance  has  been  - 0.5  km  per  ridge  if  effective 
lithospheric  thickness  is  - 10  km.  Surface  contraction  might  have  thus 
been  a few  km  on  a global  scale. 
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THE  TECTONIC  AND  IGNEOUS  EVOLUTION  OF  ENCELADUS 

q Pozio1  and  J.S.  Kargel2;  1 Reparto  di  Planetologia , Viale  dell' 
Universita  11,  00185  Roma.  Italy;  * Lunar  and  Planetary  Lab,  University 

of  Arizona,  Tucson,  AZ  85721. 

Vovaaer  2 provided  high-resolution  images  of  the  small,  icy 
Saturnian  satellite,  Enceladus.  These  images  show  evl^e"ce  d“ 
historv  during  which  the  satellite  was  subjected  to  widespread  tectonic 
activity  and  several  episodes  of  partial  re-surfacing.  Squyres  ai- 

described  extensional  tectonic  f< eatures ; they  recognized J^an 
and  as  it  is  bounded  on  either  side  by  troughs  they  ascribed  to  it  an 
extensional  origin  as  well  (1).  Smith  £t  fil-,  °fj\er  ' 

observed  both  extensional  and  compressional  tectonic  features  (2). 

This  work  supports  that  of  Smith  et  al. , as  we  also  observe  a highly 
complex  tectonic  style.  Figure  1 is  a tectonic  map  of  Enceladus.  This  jap 
is  non-interpretive,  as  features  are  mapped  only  according  to  their 
topographic  Expression.  Included  are  features  of  likely  compressional 
origin  (ridges)P,  others  of  probable  extensional  nature  (troughs,  scarps, 

and  crater  chains),  and  features  of  uncertain  character ._  oriented 

Near  the  sub-Saturn  point  is  a system  _ of  troughs  oriented 
perpendicular  to  and  truncated  by  a west-dipping  fault  scarp  which 
£re?iSusly  was  interpreted  as  a strike-slip  fault  by  Kargel  (3)  • South  of 
these  troughs  are  several  other  sub-parallel  lineaments,  at  least  two  of 
which  also  are  troughs.  This  whole  area  is  a lightly  cratered  plains  unit 
exhibiting  only  extensional  and  possibly  trans-tensional  tectonic  styles. 
North  of  this  area,  extending  to  the  North  Pole,  the  crater  density  is 

substantially  higher,  although  again,  compressional  te^°I?lcs  Resolution 
At  high  latitudes  and  near  the  terminator  in  the  highest  resolution 
images9,  many  craters  appear  to  be  highly  relaxed,  as  if  this  region  at 
some  time  experienced  a regionally  elevated  thermal  gradient  (4) 

Centered  on  the  trailing  hemisphere  is  an  area  of  ridged ,f3 
bounded  by  a 750-km-long  system  of  curvilinear  ridges.  We  observed  only 
two  small  craters  on  this  entire  area  (109,000  km  );  several 
be  present  under  high  solar  incidence,  but  we  are  confident  the  crater 
density  actually  is  extremely  low,  since  many  craters  are  visibl 
other  areas  under  similar  illumination  and  lower  resolution,  of  course, 
this  requires  that  the  ridged  plains  are  the  youngest  region  observed  on 
Enceladus.  The  marginal  ridges  characteristically  are  bounded  by  troughs. 
These  ridges  have  either  a compressional  or  an  igneous  constructional 
oriqin.  Photometric  profiles  have  indicated  local  relief  of  about  1 . 5 km 
(4)1  however,  local  relief  as  great  as  4 km  can  be  observed  in  limb 
profile  (e.g.  PICNO  1320S2) . The  whole  system  looks  remarkably  like  the 
Himalayan  Orogen  or  the  complex  series  of  island  arcs  in  the  western 
Pacific  Ocean.  We  have  considered  two  models  for  the  possible  origin  of 
tSe  curvilinear  ridges:  1)  folding;  and,  2)  plate  flexure  volcanic 

line  loads.  Either  case  requires  a mechanically  layered  litho: spher, e, 
with  layer  thicknesses  on  the  order  of  10-100  cm  in  case  1,  or  100-1000  m 
in  caseY  2.  The  inferred  layering,  in  either  case,  suggests  * S 

oriqin  for  the  lithosphere;  therefore,  the  mechanical  lithosphere  of 
Enceladus  also  appears  to  be  a chemically  dif ferentiated  crust. 

In  the  middle  of  the  ridged  plains,  nearly  symmetrically  disposed 
relative  to  the  marginal  ridges,  is  a system  of  lineaments  which  truncate 
each  other  in  a rectilinear  pattern.  Since  this  system  is  situated  near 

the  sub-solar  point  in  the  best  images  it  is  not  P0®^1® ' J ^idqes^or 
account  the  lack  of  shadows,  to  say  if  many  of  them  are  ridges  o 
trouqhs . However,  at  least  one  ridge  in  this  region  was  observed  in  limb 
profile’  (PICNO  1505S2 ) ; and,  it  appears  that  at  least  one _ °fcher 
here  also  is  probably  a ridge.  The  tectonic  relationship  of  this 
rectilinear  grid  to  the  marginal  curvilinear  ridges,  and  to  the  ridged 
plains  in  general,  is  uncertain,  but  is  likely  to  be  significant. 

North  of  the  ridged  plains,  between  210  and  320  longitude,  is  a 
photometrically  banded  terrain,  where  diffuse-appearing  bands  may  be  the 
fronts  of  either  en  echelon  overthrusts,  or  of  thick  (100's  of  m) 
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volcanic  flows.  This  area  has  about  the  same  crater  density  as  the 
younger  areas  of  cratered  plains. 

Other  extensional  features  include  two  morphologically  similar 
rifts.  The  most  prominent  one  is  located  between  30-80°  N.  lat.,  310-335° 
long.  Crater  densities  indicate  that  the  floor  of  this  rift  was 
resurfaced,  but  not  very  recently.  Following  or  concurrent  with  resur- 
facing the  floor  of  this  rift  was  again  extensionally  disrupted.  The 
other  rift  is  centered  near  25°  N.  lat,  180°  long,  and  is  bounded  by  two 
scarps.  It  is  poorly  resolved,  but  may  also  have  been  resurfaced. 

The  global  tectonic  pattern  is  quite  interesting.  Extensional 
tectonics  dominate  the  North  Polar  region,  the  Saturn-f acing  region,  and 
the  anti-Saturn  region;  apparently  compressional  tectonics  dominate  the 
region  near  the  trailing  point.  It  appears  that  the  internal  convective 
patterns  in  Enceladus  either  are  governed  by  or  control  the  orientation 
of  the  tidal/rotational  axes  of  Enceladus. 

We  have  constructed  models  of  the  thermal  steady-state  evolution  of 
Enceladus  and  find  that  for  reasonable  circumstances  radiogenic  heating 
alone  was  sufficient  to  permit  melting  near  the  ammonia-water  peritectic 
early  in  Enceladus'  history;  with  the  enhanced  tidal  deformation  of  a 
differentiated  body,  tidal  heating  then  may  have  allowed  Enceladus  to 
remain  magmatically  and  tectonically  active  until  the  present  day. 
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ICY  GREENHOUSE  ON  EUROPA 

F.P.  Fanale  and  J.R.  Salvail.  Planetary  Geosciences  Div.,  Univ.  of  Hawaii,  Honolulu,  HI 
96822. 


This  work  is  an  expansion  of  the  "ice  greenhouse"  hypothesis  of  Matson  and  Brown 
(1988).  All  previous  thermal  models  of  volatile  materials  or  materials  containing  volatiles 
have  operated  on  the  assumption  that  sublimation  occurs  only  at  the  boundary  of  ice  con- 
taining materials.  However,  for  any  porous  material  containing  ices,  it  is  clear  that  both 
sublimation  and  condensation  can  occur  at  any  gas-solid  interface  within  the  medium. 
Just  as  the  latent  heat  of  sublimation  can  significantly  affect  the  surface  temperature  of  an 
icy  body,  sublimation  and  condensation  throughout  the  interior  of  a porous  icy  body 
should  be  able  to  significantly  change  the  temperatures  throughout  the  volume.  Convec- 
tion can  also  affect  the  temperatures,  although  this  effect  is  typically  small  compare  to 
those  caused  by  phase  changes. 

We  have  derived  equations  for  an  icy  crust  that  include  the  effects  of  sublimation  and 
condensation  as  well  as  convection  throughout  the  volume.  The  insolation  absorption 
term  given  by  Matson  and  Brown  has  also  been  included.  The  icy  crust  was  modeled  as  a 
porous  medium  in  which  tortuous  capillaries  extend  in  three  dimensions.  The  pores  of  the 
ice  contain  water  vapor,  which  when  at  equilibrium  with  the  ice,  are  maintained  at  the 
equilibrium  vapor  pressure  governed  by  the  local  temperature  as  given  by  the  integrated 
Clausius-Clapeyron  equation.  A temperature  variation  with  depth  results  in  a predictable 
vapor  pressure  variation  with  depth.  The  resulting  pressure  gradient  induces  a flow  which 
momentarily  perturbs  the  gas  pressure  in  the  pores  away  from  the  equilibrium  vapor  pres- 
sure. When  this  occurs,  ice  is  sublimed  or  vapor  is  condensed,  depending  on  the  direction 
of  the  pressure  perturbation,  at  a rate  such  that  the  local  equilibrium  vapor  pressure  is 
reestablished.  Separate  differential  equations  have  been  derived  for  the  cases  of  flow  m 
the  free  molecular  regime  and  in  the  continuum  regime.  Each  equation  satisfies  the  con- 
servation of  mass  and  conservation  of  energy  principles  at  each  point  in  the  volume. 
Volume  sublimation  and  condensation  can  also  cause  at  least  temporary  changes  in  cer- 
tain physical  properties  of  an  icy  porous  medium.  Changes  in  density  and  porosity  have 
been  explicitly  accounted  for  in  the  derivation  of  the  equations,  and  equations  to  calculate 
density  and  porosity  as  a function  of  depth  and  time  are  also  given.  Thermal  conductivity 
was  considered  as  a free  parameter  for  the  purposes  of  this  investigation.  This  was  done 
for  reasons  of  practicality,  since  temperature  dependent  expressions  for  the  thermal  con- 
ductivity of  a porous  medium  are  extremely  complex  and  would  have  greatly  increased  the 
complexity  of  the  equations  and  the  computation  time.  However,  we  have  examined  a 
reasonable  range  of  possible  thermal  conductivities. 

Water  ice  is  one  of  those  materials  which  readily  admits  visual  and  UV  radiation  but 
cannot  reradiate  in  the  infrared  from  the  subsurface.  Therefore,  radiation  initially  depo- 
sited below  the  surface  can  escape  only  by  conduction.  If  the  thermal  conductivity  is  suf- 
ficiently low,  the  heat  input  will  exceed  the  heat  loss,  and  the  temperatures  and  tempera- 
ture gradient  near  the  surface  will  increase  until  the  heat  loss  due  to  conduction  is  equal 
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to  the  heat  input  from  insolation.  Matson  and  Brown  have  shown  that  insolation  absorp- 
tion by  water  ice  can  cause  ice  temperatures  to  be  hundreds  of  degrees  higher  than  was 
previously  thought,  depending  on  the  thermal  conductivity  and  the  sunlight  extinction 
coefficient  of  the  ice. 

Our  model  was  applied  to  Europa,  since  there  has  been  considerable  speculation  con- 
cerning the  existence  of  liquid  water  below  the  icy  crust,  and  also  to  compare  our  results 
with  the  earlier  results  of  Matson  and  Brown.  For  a thermal  conductivity  of  100 
ergs/cm-s-K  and  a sunlight  extinction  coefficient  of  0.2/cm,  we  found  that  maximum  tem- 
peratures were  reduced  by  about  180K  to  a value  near  260K.  Temperatures  near  440K 
were  obtained  for  a model  with  sunlight  extinction  alone.  When  the  thermal  conductivity 
was  increased  to  1000  ergs/cm-s-K,  the  sunlight  absorption  effect  was  insignificant.  When 
the  extinction  coefficient  was  increased  to  0.1/cm,  the  sunlight  absorption  effect  became 
significant,  with  the  maximum  temperature  increasing  by  about  30K  over  that  which 
would  be  expected  without  sunlight  absorption  below  the  surface.  We  concluded  that  the 
ice  greenhouse  effect  is  important  for  porous  water  ice  having  a low  thermal  conduc- 
tivity and/or  very  translucent  ice  that  allows  significant  sunlight  penetration  below  the 
surface.  However,  this  effect  is  greatly  mitigated  by  volume  sublimation,  compared  with 
previously  published  temperature  estimates.  If  the  ice  is  sufficiently  translucent,  tempera- 
tures close  to  the  melting  point  of  water  ice  can  be  achieved  a few  centimeters  below  the 
surface.  A paper  based  on  this  work  has  been  submitted  to  Icarus. 
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LABORATORY  REFLECTANCE  SPECTRA  OF  IRRADIATED  ICES: 
APPLICATIONS  TO  EUROPA 

J.W.  Boring 

University  of  Virginia 

Much  of  the  information  we  have  about  planets  and  their  satellites  is  a 
result  of  observing  the  reflectance  of  sunlight  from  their  surfaces.  It 
is  clear  in  many  cases  that  the  surfaces  have  become  altered  as  a result 
of  incident  radiation,  either  photons  or  charged  particles.  A major  need 
in  being  able  to  interpret  the  reflectance  spectra  from  these  objects  in 
terms  of  the  chemical  species  present  and  the  topography  of  the  surface 
region  is  laboratory  data  that  details  the  changes  in  reflectance  for  a 
known  irradiation  of  the  surface.  The  purpose  of  the  present 
investigation  is  the  study  of  the  effects  of  ion  bombardment  on  the 
reflectance  spectra  of  several  ices,  principally  H20,  S02,  NH3  and 
mixtures  of  these . This  will  provide  information  about  changes  in  the 
surfaces  of  the  satellites  and  rings  of  several  of  the  outer  planets , but 
we  focus  our  attention  on  the  Jovian  moon  Europa  that  is  bombarded  by  ions 
trapped  in  the  magnetosphere  of  Jupiter. 

The  specific  concern  of  these  studies  is  the  changes  in  the  reflectance 
spectra  of  visible  and  UV  light  reflected  from  ices  upon  bombardment  by 
keV  ions.  A major  question  in  these  measurements  is  whether  any  observed 
change  is  a result  of  implantation  of  the  incident  ion  to  incorporate  it 
into  new  chemical  species,  or  whether  the  important  changes  are  a result 
of  bond  breaking  and  atomic  rearrangement  within  the  original  ice.  Since 
the  latter  is  an  important  possibility  it  is  important  to  study  the 
effects  as  a function  of  ice  temperature  since  this  affects  the  mobility 
of  species  within  the  solid  and  their  ability  to  recombine  into  new 
molecules.  Another  important  matter  in  these  studies  is  the  topography  of 
the  surface  of  the  ice,  since  the  amount  of  surface  area  presented  to  the 
bombarding  ions  and  the  light  to  be  reflected  can  easily  affect  the 
reflectance  spectra. 

In  our  first  set  of  measurements  we  studied  H20  ice  grown  at  25K  and  at 
120K . The  25K  ice  was  very  frosty  looking  with  a lot  of  surface  area  and 
was  probably  amorphous.  The  120K  ice  was  smooth  and  clear  and  was  most 
likely  crystalline.  For  the  120K  ice  there  was  little  evidence  of  changes 
in  the  reflectance  spectra  in  the  wavelength  range  0.22-0.54  /im,  whether 
the  bombardment  by  S02+  and  Ar+  ions  took  place  at  25K  or  at  120K.  For 
the  25K  ice  bombarded  at  25K  we  see  two  absorption  features  for  S02+,  Ar+ 
and  He+  ions.  The  stronger  feature  extends  from  0.32  /im  down  to  the 
lowest  wavelength  that  we  can  study,  namely  0.22  /im.  The  weaker  feature 
extends  from  0.47  /im  down  to  0.32  /im.  The  main  point  here  is  that  the 
rare  gas  ions  give  the  same  result  as  for  S02+ , indicating  that  sulfur 
implantation  and  subsequent  formation  of  SO  bonds  is  not  the  principal 
cause  of  this  UV  absorption.  The  fact  that  this  absorption  feature  is  not 
seen  at  the  higher  temperature  seems  to  indicate  that  it  is  caused  by 
radicals  and  stable  species  formed  from  the  H20  molecules  and  that  the 
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lower  temperature  is  required  to  keep  these  products  from  recombining  or 
escaping  from  the  solid.  The  fact  that  ice  grown  at  120K  and  bombarded  at 
25K  shows  only  weak  evidence  of  this  absorption  feature  is  a puzzle,  but 
may  indicate  that  the  larger  surface  area  for  the  ice  grown  at  25K  is  a 
necessary  condition  for  the  strong  absorption. 

Our  present  studies  in  this  program  are  aimed  at  investigating  in 
greater  detail  the  dependence  of  the  results  on  temperature,  both  the 
growing  temperature  and  that  at  which  bombardment  takes  place.  We  will 
then  study  other  ices,  starting  with  SO2  and  mixtures  of  H20  and  S02 . We 
also  intend  to  study  the  effect  of  putting  thin  layers  of  ice  on  top  of  a 
bombarded  sample  to  simulate  the  redistribution  of  material,  through 
sputtering,  that  occurs  on  a satellite  such  as  Europa. 
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Speculative  Histories  of  the  Uranian  Satellite  System 
S.  J.  Peale,  Physics,  University  of  California  at  Santa  Barbara 


A long  term  occupancy  of  Ariel  and  Umbriel  in  a 2/1  orbital  resonance  could  lead 
to  sufficient  tidal  dissipation  in  Ariel  to  account  for  the  obsmed .senes of  resu rfau  g 
events.  The  dissipation  in  Umbriel  is  always  negligibly  small  in  this  history,  whi 
consistent  with  its  primordial  cratered  surface.  The  eventual  di^uption  oftlns 
nance  might  have  been  effected  by  the  growing  perturbations  by  Titama  We  consider 
several  possible  histories  of  the  satellite  system  which  are  very  sensitive  on  the  as- 
sumed masses  of  the  satellites  within  the  errors  of  their  determinations  and  on  the  Q of 
Uranus.  The  resonances  which  could  have  been  encountered  in  these  hl®torife!f 
straints  on  the  orbital  eccentricities  for  certain  capture  are  det^inedn  * 
mass  were  the  upper  extreme  value,  it,  too,  could  have  been  locked  in  a long  term 
2/1  orbital  resonance  with  Ariel  forming  a Laplace-like  3 body  resonance  meludi i g 
Umbriel  However,  the  tidal  dissipation  in  Miranda  is  probably  too  small  even  in  this 
history  to  have  softened  the  interior,  and  much  more  violent  events  seem  necessary  to 
account  for  its  exotic  surface.  Titania  could  have  been  a member  only  of  rather  high 
order  orbital  resonances  with  the  inner  satellites,  so  tidal  heating  during  resonanc 
occupancy  cannot  be  invoked  for  its  resurfacing. 
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VACUUM  WEATHERING:  A NEWLY  RECOGNIZED  PLANETARY  SURFACE  PROCESS 

Douglas  B.  Nash 

Jet  Propulsion  Laboratory,  Pasadena,  Ca  91101 
San  Juan  Institute,  San  Juan  Capistrano,  Ca  92675 


+-k~  JJ5enfipiJ°Vs  ^scoyery  in  the  laboratory  during  studies 
ef fects  of  irradiation  on  sulfur  has  led  to  a new  way  of 
sni?™9  about  the  effects  of  a vacuum  environment  on  the 
. .properbles  of  small  solar-system  bodies  such  as  icy 
1JeS  fnd  comets-  The  experiments  were  initially 

satlint^  Tt0  the  surface  Properties  of  Jupiter's 

satellite  Io,  which  was  shown  to  exhibit  active  sulfur 

volcanism  during  the  Voyager  flybys.  During  the  experiments  it 
was  discovered  that  the  surface  of  freshly  frozen  sulfur  is 

?987^S^iY  ^ irflGd  by  thG  effects  of  vacuum  evaporation  (Nash 
1987,  Nash  and  Moses  1988).  These  "vacuum  weathering”  effects 

are  caused  by  differential  sublimation  of  two  different 
molecular  phases  that  make  up  the  solid  material  and  that  have 
very  different  sublimation  rates.  In  the  case  of  sulfur  which 
is  composed  of  ring  and  chain  molecules  that  by  exsolution  form 
™n^hSt^nCK  graiu /.nter?rowth  structure,  the  ring  sulfur  has  a 

lgh^r  subl+1.matlon  rate  than  the  chai"  sulfur.  As  a 
result  under  continuous  vacuum  pumping  the  surface  of  sulfur 

gradually  becomes  depleted  in  ring  sulfur,  enriching  the 
surface  with  a residual  layer  of  chain  (polymeric)  sulfur.  The 
chain  sulfur  forms  a highly  porous,  extremely  fine-grained 

fluffy  material  that  reaches  a thickness  of  about  1 mm  at 
vacuum  maturity.  at 

, . Th-is,  Process  produces  major  changes  in  the  visible  and 
tFaviolet  reflectivity  of  the  surface  of  sulfur:  in  the 
visible  wavelengths  the  surface  brightens  and  the  color  changes 
from  an  original  yellow,  tan,  or  brown  (depending  on the 
maximum  temperature  and  thermal  history  of  the  sulfur  durinq 

ihJn  Pif  free^T  m°lten  state)  to  white  — the  color  it  takes  on 
™ weathering  process  has  gone  to  a "vacuum  mature" 
stage.  The  corresponding  spectral  reflectance  changes  are  shown 
m Figure  1:  the  shoulder  ot  the  spectral  absorption  edge  (that 

,fulfur  to  aPPear  yellow)  shifts  in  wavelength 
from  0.52  /xm  to  0.4  6 Mm;  at  the  same  time  the  UV  absorption 
trough  shifts  from  near  0.45  m to  0.39  m,  and  the  overall  UV 

less6CtlVlty  near  0,35  m decreases  from  about  12%  to  3%  or 

The  rate  of  this  vacuum  weathering  process  is  hiqhlv 
dependent  on  the  temperature  of  the  surface;  this  is  due  to9the 
1tempe.ra.ture-dependence  of  the  vapor  pressure  curve  of 

loo'  k ^6rtvnf^ainCe%  SUT  **  sulfur‘  For  temperatures  around 
300  K (typical  of  volcanic  hot  spots  on  lo's  surface)  the 


82 


e - ^ 


sublimation  rate  is  on  the  order  of  10  sulfur  atoms  per 
square  centimeter,  which  is  equivalent  to  an  erosion  rate  of 
about  1 mm  per  year.  The  sublimation  rate  increases  by  an 
order  of  magnitude  with  a temperature  increase  of  about  20 
degrees  K. 

At  these  rates  the  changes  in  appearance  of  sulfur  on  Io  s 
surface  will  be  large  on  time-scales  of  only  tens  to  hundreds 
of  hours.  Since  the  corresponding  spectral  and  textural 
changes  that  are  possible  in  freshly  emplaced  sulfur  lava 
deposits  on  Io  are  large,  their  detection  by  telescopic 
observation  is  possible  and  would  signal  that  active  volcanic 
resurfacing  of  Io  may  be  occurring  (Nash  and  Moses,  1988). 

A thorough  understanding  of  this  newly  recognized  vacuum 
weathering  process  — as  summarized  in  Figure  2 for  sulfur  and 
Io's  surface  — may  have  application  to  deciphering  the 
observed  properties  of  other  condensed-volatile  surfaces  of 
planetary  bodies.  Examples  are  the  Galilean  satellites  Europa 
and  Ganymede,  that  exhibit  contaminated  water-ice  rich  surfaces 
(Clark  et  al  1983),  Neptune's  satellite  Triton  that  may  have  a 
surface  containing  a solid  mixture  of  methane  and  nitrogen 
(Lunine  and  Stevenson  1985) , and  comets  that  contain  sulfur- 
laden ices  (Moore  et  al  1988).  Continued  laboratory 
experimentation  and  theoretical  modeling  of  the  vacuum 
weathering  process  may  lead  to  further  insight  into  the  nature 
and  mode  of  origin  of  the  surface  properties  of  condensed  solar 
system  objects. 
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Figure  1.  UV  visible  reflectance  spectra  showing  how  the 
surface  spectrum  of  solid  sulfur  varies  progressively  with 
time  after  freezing  and  during  continuous  vacuum  pumping. 
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Figure  2.  Schematic  representation  of  the  postulated  vacuum 
weathering  process  on  the  surface  of  frozen  sulfur  on  Io. 
Starting  condition  is  on  left;  time  progresses  toward  riqht 
from  step  1 to  step  5.  y 
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Charged- Particle  Induced  Alterations  of  Surfaces 
in  the  Outer  Solar  System 

R.E.  Johnson 
University  of  Virginia 

Solar  system  surfaces  unprotected  by  an  atmosphere  can  be  modi  fled  by  Pl““ 

bombardment  IMS  hno:ledf  can  be  used  ~ ^deed,  the  list 

data 

»rlakedaccuratePaisessmentsSof  problems  for  which  laboratory  information  on 
irradiation  effects  is  available  or  can  be  successfully  extrapolated  Until 

initially  uncertain  observations,  and  often  these  initial  guesses  have  been 

S3;  ,r^iss^r^-  SrSSSiis  “d«: 

have  shown  that  plasma  interactions  are  important  for  mterpre  g y 

observation  in  a number  of  cases . 

Laboratory  data  on  Na2S  and  sulfur  were  analyzed  in  order  to 
likelihood  of  the  sputter  generation  of  the  Na  atmosphere  at  . ^ 

S^TtbTfS  the”1! tmo sphe r ^w i 1 l^r e dom inant ly  occur  in  a 

must  be  ejected  from  a surface  containing  Na2  Sx  with  x>  . 

Plasma  bombardment  profiles  of  satellites  were  caiculated  by  tracing  plasma 

ions  to  the  surface  of  a satellite  Figure  1 At  Dione  we  fiance 

McEwen”  ^^00^1™" that  pUsm^bombardment  ls ^ 
1TV  absorotion  at  Europa.  These  plasma  profiles  also  made  clea  P 

angl^distribution  is  as  important  as  gyroradius  for  determining  whether  the 
leading  hemisphere  is  bombarded.  These  spatial  maps  <e.g.  Figure  lb)  can  n 
be  compared  to  satellite  surface  analysis. 

Data  on  sulfur  implanted  into  an  ice  matrix  was  analyzed  and  shows  that  S2 
S,  etc  formed  rapid?),  in  Ice.  This  data  is  being  used  to  re-examine  scenarios 

by  us  earlier.  The  four  publications  associated  with  t 
following. 
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1U)  Because  of  the  complication  of  gyromotion  and  pitch  angle  we  traced 
plasma  particles  onto  the  surfaces  of  the  satellites  l is 
ongitude  from  the  trailing  hemisphere.  Dotted  lino,  cold  plasma 

Clear  l^a’d501^  pla.Sma  0t  EuroPa-  dashed  hot  plasma  at  Dione. 

r leading  trailing  differences  are  seen.  These  results  can  now 
be  applied  (submitted  to  Icarus).  results  can  now 


U 30°  60“  90“  120“  150“  180° 


1(b)  As  in  1(a)*  view  of  northern  Item i sphere  * roM  i 

is  the  uncle  from  rh*  , cold  Prisma  at  Dione,  * 

(submitted  to  Icarus).  u inispherc  to  outer  hemisphere 
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COLOR  CHANGES  IN  ELEMENTAL  SULFUR  FOLLOWING  X-RAY  EXPOSURE 
IMPLICATIONS  FOR  JUPITER'S  SATELLITE  10 
by 

Robert  M.  Nelson  and  William  D.  Smythe 
Jet  Propulsion  Laboratory 

Jupiter's  satellite  Io  has  been  known  for  many  years  to  have  unusual 
surface  reflection  properties.  Broadband  filter  photometric  studies  done 
nearly  three  decades  ago  (Harris,  1961)  reported  that  Io's  spectrum  was 
strongly  absorbing  at  blue  and  ultraviolet  wavelengths  (see  also  subsequent 
work  by  Johnson  and  McCord,  1970;  Johnson,  1971).  These  data  implied  that  a 
ultraviolet  absorbing  material  comprised  a significant  fraction  of  Io's 
surface . 

Reflection  spectra  of  elemental  sulfur  taken  in  the  laboratory  are 
known  to  be  strongly  absorbing  at  blue  and  ultraviolet  wavelengths  (Sill, 
1973)  and  thus  a surface  with  elemental  sulfur  in  widespread  abundance  was 
suggested  in  order  to  explain  Io's  spectral  properties  (Wamsteker,  1973; 
Kuiper,  1973).  The  presence  of  other  materials  such  as  certain  ices  (as 
might  be  found  in  Saturn  ring  material)  or  salts  (as  might  be  expected  from 
evaporite  deposits),  in  addition  to  elemental  sulfur,  was  shown  to  improve 
the  spectral  agreement  (Wamsteker,  et  al. , 1973;  Fanale , et  al . . 1974;  Nash 
and  Fanale,  1977). 

Nelson  and  Hapke  (1978)  noted  that  elemental  sulfur  occurs  in  many 
allotropic  forms  other  than  cyclooctal  Sg , the  most  common  allotrope.  They 
suggested  that  mixtures  of  several  sulfur  allotropes  might  produce  a better 
agreement  between  laboratory  spectra  and  Io's  spectral  geometric  albedo. 
These  allotropes  might  also  explain  several  features  in  Io's  spectrum  which 
cannot  be  explained  by  cyclooctal  sulfur  alone  thereby  minimizing  the  number 
of  mineralogical  species  which  must  be  invoked  in  order  to  explain  the 
absorption  features  in  Io's  spectral  geometric  albedo.  They  noted  that  these 
allotropes  can  be  produced  on  Io  by  an  environment  in  which  sulfur  can  be 
either  vapor  deposited,  melted  and  then  rapidly  quenched  (suggesting 
volcanic  activity) , or  exposed  to  electromagnetic  and  particle  radiation 
while  at  low  temperature. 

Following  the  1978  Voyager  spacecraft  encounter  with  the  jovian  system 
there  was  much  discussion  of  the  role  of  sulfur  as  an  agent  of  coloration  of 
Io's  surface,  and  in  its  In  connection  with  the  newly  discovered  Ionian 
volcanic  activity  (Smith  et  al. , 1979;  Soderblom  et  al. , 1980;  Sagan,  1979; 
Gradie  and  Moses,  1982;  Gradie  and  Veverka,  1984). 

While  most  authors  agree  that  sulfur  is  present  as  a significant 
chemical  specie  on  Io's  surface,  the  presence  of  free  elemental  sulfur  in 
widespread  abundance  has  been  questioned.  Young  (1984),  in  calling  attention 
to  the  misleading  representation  of  Io's  color  in  the  data  released  by  the 
Voyager  imaging  team  (Smith  et  al . . 1980)  also  challenged  the  suggestions  by 
previous  workers  that  the  reflection  spectrum  of  elemental  sulfur,  as 
modified  by  the  Io  environment,  is  consistent  with  Io's  spectral  geometric 
albedo.  Young,  in  summarizing  the  chemistry  literature,  specifically  states 
that,  "A  particular  weakness  of  any  attempt  to  explain  the  colors  of  the 
inner  jovian  satellites  with  unstable  sulfur  allotropes  is  their  Instability 
to  both  light  and  x-rays,  which  are  produced  in  abundance  in  the  jovian 
radiation  belts.  This  is  a basic  property  of  all  colored  sulfur  compounds 
(polysulfides  as  well  as  sulfur  itself) , because  it  is  a basic  property  of 
the  disulfide  bond."  Young's  statement  is  inconsistent  with  the  results  of  a 
very  brief  series  of  laboratory  studies  done  in  1977  by  Nelson  and  Hapke 
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which  were  consistent  with  their  1978  report  that  exposure  to  radiation  is  a 
means  for  producing  colors  (and  presumably  non-cyclooctal  allotropes)  m 
cyclooctal  sulfur  and  possibly  in  other  allotropes  as  well. 

In  an  effort  to  clairify  the  confusion  regarding  the  effect  of  x-rays 
on  elemental  sulfur  we  have  measured  the  spectral  reflectance  of  allotropic 
forms  of  elemental  sulfur  powders  that  have  been  produced  by  exposing,  the 
cyclooctal  allotrope  of  sulfur  to  x-rays.  When  the  sulfur  is  at  temperatures 
near  77°K,  the  effect  of  the  x-ray  exposure  on  the  reflection  spectrum  of 
the  sulfur  sample  is  to  produce  absorption  features  at  0.42  and  0.52 
microns.  These  features  are  not  present  in  cyclooctal  sulfur  at  the  same 
temperature  that  had  not  been  exposed  to  x-rays.  These  features  are  stable 
at  low  temperatures,  however  they  fade  when  the  sample  is  warmed  (see 
figures  1 and  2).  This  result  is  not  consistent  with  the  argument  that  x- 
rays  in  the  jovian  environment  would  destroy  non-cyclooctal  sulfur 
allotropes  on  Io's  surface  (Young,  1984).  The  spectral  reflectance  of  the 
sulfur  allotropes  created  by  x-rays  while  at  low  temperature  differs  from 
the  spectral  reflectance  of  sulfur  allotropes  made  by  melting  sulfur  and 
subsequently  quenching  the  melts.  The  reflection  spectra  of  these  types  of 
allotropes  have  been  reported  by  Gradie  and  Veverka  (1984) . The  spectra 
reported  from  the  heating  and  quenching  studies  do  not  exhibit  either  the 

band  at  0.42  or  the  band  at  0.52  microns. 

We  believe  that  the  allotropic  form  of  sulfur  that  we  have  produced 
from  x-ray  exposure  is  different  from  the  allotropes  that  have  been 
investigated  by  other  efforts  directed  at  understanding  Io's  spectral 
geometric  albedo.  This  is  primarily  because  we  have  shown  that  exposure  of 
sulfur  while  at  low  temperature  to  x-rays  can  produce  an  absorption  feature 
at  0.52  microns.  This  has  not  been  observed  in  studies  of  sulfur  allotropes 
involving  heating  and  quenching  and  those  involving  exposure  to  ultraviolet 
light. 

Allotropes  of  sulfur  created  by  radiation  exposure,  if  present  on  Io  s 
surface,  would  explain  much  of  Io's  spectral  geometric  albedo  in  the 
ultraviolet  to  visible  spectral  range. The  results  of  these  experiments  have 
been  presented  at  meetings  (Nelson  et  al  1987 , 1988)  and  a manuscript  has 

been  submitted  for  publication. 
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Figure  1.  Bi-directional  spectral  reflectance  relative  to  HALON  of  ultrapure 
elemental  sulfur  at  298°K  and  77°K.  The  spectral  change  in  the  absorption 
edge  is  0 . 000145+/-0 . 000013  microns/°K  which  is  consistent  with  results  by 
other  workers  (Gradie  and  Veverka,  1984). 


PiS^re  2 . Spectral  reflectance  of  sulfur  allotropes  formed  by  exposing  the 
cyclooctal  sulfur  allotrope  (while  at  low  temperature)  to  x-rays.  The  effect 
of  the  x-ray  exposure  is  to  form  an  allotrope  (or  an  ensemble  of  allotropes) 
that  has  spectral  absorption  features  at  0.42  and  0.52  microns. 

o 1116  line  and  d0t  sh°W  the  sPectral  reflectance  of  these  allotropes  at 
77  K.  The  solid  line  shows  the  effect  of  warming  the  sample  to  180°K  which 
is  to  cause  the  0.42  micron  feature  to  bleach  and  the  0.52  micron  feature  to 
fade.  The  dotted  line  shows  the  effect  of  increasing  the  temperature  to 
248  K.  The  dashed  line  shows  the  spectral  reflectance  when  the  temperature 
is  increased  to  293°K.  The  spectrum  is  identical  to  that  of  cyclooctal 
sulfur,  which  indicates  that  increasing  the  temperature  cause  the  allotropes 
to  revert  to  cyclooctal  sulfur. 
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Dynamics  and  Structure  of  Planetary  Rings 
Richard  G.  French 

Department  of  Astronomy,  Wellesley  College 

Department  of  Earth,  Atmospheric,  and  Planetary  Sciences,  Ml  1 

The  P I.  has  been  investigating  several  independent  studies  pertaining  primarily  to  the  Ura- 
nian system.  Recent  results  are  summarized  briefly  below: 

A)  WeThave  completed  a comprehensive  search  for  edge  waves  that  might  ^SS(JC1^ 
with  the  two  small  satellites,  Cordelia  and  Ophelia,  on  either  side  of  the  e ring.  If  these 
waves  could  be  detected,  precise  measurement  of  their  pattern  speeds  could ^^ed  to  de- 
termine the  geometry  of  the  ring  system  and  the  mean  motions  of  the  shepherd  satellites 
auite  precisely  as  well  as  to  provide  further  information  about  the  shepherding  mechams  . 
We  havJ ^found  no  evidence  of  edge  waves  with  amplitudes  of  a few  hundred  meters  or 
^gen  We  conclude  that  either  the  expected  high  wavenumber  Pffj™  1 
that  thev  are  significantly  damped  downstream  of  the  perturbing  satellites.  If  the  latte 
SS  3 fc^Tsible  to  find  evidence  of  edge  waves  by  resmetmg  the .search  to 
S occupation  cuts  that  sampled  ring  longitudes  in  the  near  downstream  vtentty  of  each 
shepherd  satellite,  before  damping  has  become  significant. 

B1  Recent  Uranus  Occultation  Observations  ino.  . f in„ 

Die  stellar  occultations  by  the  Uranian  rings  of  U34  on  26  February  1987  and  of  ul052 
on  12  May  1988  have  been  analyzed  using  standard  methods,  and  the  event  times  or 
fndividuaPring  profiles  have  been  incorporated  in  the  latest  in-house  nng  orbit  model.  The 

profiles  of  the  U34  event  have  been  reduced  to  determine  the  tem- 
perature structure  of  the  upper  atmosphere  at  the  sub-occultation  points. 

C!  Width-Radius  Relation  of  the  Narrow  Uranian  Rings 

C We  have  undertaken  a comprehensive  search  for  width-longitude  and  width-radius  re- 
lations of  111  trftteUranian  rings  by  simultaneously  solving  for  low  wavenumber  (m-0 
through  m= 6)  width  variations  with  ring  longitude.  We  have  found  that  the  8 ring : doe 
follow  a linear  width-radius  relation,  and  that  its  wavenumber  and  pattern  speed  match  the 
? normal  mode  of  the  ring  itself  In  contrast,  none  of  the  other  narrow  rings  (6,5,4  and 
-flshowany  h“?of  a toSll  relation,  or  of  the  presence  of  any  low  wavenum- 

ber  modes  in  their  width  variations. 

D)  Previous  smdiefs  ofUranus'  oblateness  from  stellar  occultation  data  have  been  limited 
bv  small  data  sets  and  by  significant  uncertainties  in  the  occultation  geometry.  Rece 
spacecraft  and  occultationdata  and  groundbased  observations  have  been  incorporated  into  a 

has  provided  much  improved 

have  become  available  for  inclusion  in  the  oblateness ; so ution.  to 

to  determine  the  figure  of  Uranus  at  approximately  e ^ and  an  Qblateness  of  e = 

the  limb  profile  yielded  an  equatorial  radius  of  Re  2607  - 17  7 + 0 6 hr  for  the  lati- 

n _ Rp/Re)  of  0 0197  ± 0.0010.  The  inferred  rotation  period  is  17.7  ± 0.6  hr  tor  tne  lau 

tude  range  (-30°  < 0 < 30°)  sampled  by  the  observations. 
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Planetary  Ring  Studies 

Jeffrey  N.  Cuzzi  (Ames  Research  Center),  Richard  H.  Durisen  (Indiana  University),  and  Mark 

R.  Showalter  (Stanford) 

Meteoroid  bombardment  and  ballistic  transport  in  ring  systems:  Several  years  ago, 
we  noted  that  the  longitude  distribution  of  the  rate  of  the  most  energetic  impacts  on  the  rings 
which  results  from  the  combination  of  ring  orbital  and  planetary  orbital  aberration  effects  shows 
an  intriguing  similarity  to  the  longitudinal  distribution  of  “spoke”  creation  frequency  (Grim  et 
al  1984),  providing  support  for  spoke  creation  hypotheses  that  rely  initially  on  meteoroid  impact 
(Goertz  and  Morfill  1983).  This  year,  we  finalized  our  results  and  submitted  our  bombardment 
formalism  (Cuzzi  and  Durisen  1989)  to  Icarus.  As  shown  in  figure  1,  the  preponderance  of 
spokes  seen  in  and  around  the  dawn  quadrant  implies  a preponderance  of  creation  at  longitudes 
around  midnight,  in  quite  good  agreement  with  impact  rates  which  are  thresholded  or  weighted 
by  impact  velocity  in  reasonable  ways.  We  believe  this  effect  may  explain  the  orbit  longitude 
asymmetry  of  spokes;  clearly,  other  (electromagnetic)  dependencies  remain  unexplained. 

Our  bombardment  formalism  (Cuzzi  and  Durisen  1989)  also  allows  us  to  quantify  for  the 
first  time  the  net  deposition  rate  of  angular  momentum  in  the  ring  system  for  “Oort  cloud” 
projectiles,  including  both  the  orbital  asymmetry  effect  (noted  qualitatively  by  Ip  1984)  and  the 
mass  loading  effect  (noted  qualitatively  by  Lissauer  1984).  The  results  are  shown  in  figure  2. 
The  timescales  we  obtain  are  extremely  short.  For  instance,  for  the  meteoroid  flux  of  Ip  (1984) 
and  Grun  et  al  (1985),  the  entire  C ring  of  Saturn  and  the  a and  0 rings  of  Uranus  fall  into  their 
parent  planet  in  something  like  108  years.  Thus,  the  drift  due  to  mass  loading  dominates  all 
other  mechanisms  for  radial  evolution  of  optically  thin  planetary  rings  of  centimeter-to-meter 
sized  particles,  given  the  mass  fluxes  we  have  adopted. 

Model  evolutions  of  ring  structure  due  to  ballistic  transport:  Going  beyond  our 
first  numerical  evolutions  of  ring  structure  under  ballistic  transport  and  viscosity  (Durisen  et 
al  1989),  we  have  begun  modeling  the  behavior  of  a realistic  ring  boundary  where  regions  of 
low  and  moderate  optical  depth  adjoin  each  other.  Prior,  more  simplified  calculations  (by  us) 
indicated  that  initially  smooth  inner  edges  may  be  “sharpened”  by  this  process.  Our  evolutions 
now  include  realistic  angular  and  velocity  distributions  of  the  ejecta  produced  by  bombardment 
(Cuzzi  and  Durisen  1989).  Our  new  calculations  show  the  effects  to  be  more  complex  but 
interesting  structure  is  produced  reminiscent  of  that  observed  near  Saturn’s  A and  B ring  inner 
edges.  Once  again,  viscosity  is  seen  to  play  an  important  role. 

A and  B ring  structure  and  particle  properties:  The  currently  accepted  (but  uncer- 
tain) level  of  meteoroid  bombardment,  if  it  consists  of  primordial,  Carbon-rich  material  such  as 

fna;,*y  d'ft’  co,uld  easiIy  darken  the  rinf>  Particles  to  much  lower  albedos  than  Dones  (Thesis 
1987)  and  Doyle  (Thesis,  1987)  have  found,  even  if  the  particles  started  out  as  pure  water  ice’ 

Jio«fia  r.adlatlVe  transfer  “deeP  atmosphere”  model  of  the  ring  particle  regoliths,  Doyle  et  al 
(1989)  estimate  an  upper  limit  of  some  108  years  on  the  “exposure  age”  of  the  ring  particles. 
This  paper  also  obtains  important  new  results  on  the  size  distribution  and  surface  properties 
of  the  macroscopic  particles  and  the  “dust”  in  spoke  regions.  In  other  work  on  the  A and  B 
rings  we  have  studied  the  fine  structure  of  the  inner  edges  of  these  rings  (Cuzzi  et  al.  1988) 

and  have  begun  to  study  the  regional  variation  of  the  spatial  scale  of  the  irregular  structure 
using  maximum  entropy  techniques. 

.■fai“t/eatUrej8  in  *he  rinS8  of  Saturn  and  Uranus:  We  have  interpreted  all  of  the 
available  E Ring  data  based  on  a three-dimensional  ring  model,  which  was  designed  to  be 
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consistent  with  Earthbased  observations  by  Baum  and  Kreidl.  This  single  model  made  it 
possible  to  intercompare  observations  made  from  a broad  variety  of  viewing  geometries.  We 
have  found  that  the  ring  is  composed  almost  exclusively  of  micron-sized  particles  with  a pea 
normal  optical  depth  of  1 X 1CT6.  Less  than  ~ 25%  of  the  ring’s  backscattering  intensity  can 
be  accounted  for  by  larger  bodies,  despite  the  fact  that  such  bodies  would  be  emphasized  in 
this  viewing  geometry.  Further,  we  find  that  the  particle  size  distribution  is  rather  narrowly 
peaked;  no  broad,  power-law  distribution  is  compatible  with  the  available  observations.  These 
results  are  consistent  with  the  prior  conclusions  of  Pang  and  collaborators. 

Only  two  Voyager  images  captured  the  G Ring,  and  we  have  now  examined  both  in  great 
detail.  A third  places  a significant  upper  limit  on  the  G Ring’s  intensity  in  backscatter.  Based 
on  our  determination  of  the  smear,  we  can  state  with  confidence  that  the  ring  is  clearly  several 
thousand  kilometers  wide,  with  boundaries  at  radial  limits  of  166,000  and  174,000  km,  with  a 
density  peak  near  168,000  km.  Although  we  are  unable  to  severely  constrain  its  particle  size 
distribution,  the  ring  has  an  optical  depth  roughly  comparable  to  that  of  Ring  E (Showalter 

and  Cuzzi  1988). 
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Figure  1:  The  longitudinal  distribution  of  the  most  energetic  impact*  of  “Oort  cloud"  type  projectiles  in 
Saturn  s rings,  obtained  by  counting  only  those  impacts  occurring  at  velocities  larger  than  30  km  sec-1  and 
weighting  the  impact  rate  by  different  powers  of  impact  velocity  (curves).  The  triangles  represent  the  observed 
d^\r‘baU‘10"  of  creation  rate,  as  obtained  by  shifting  the  histograms  of  integrated  spoke  activity  Grun  et 

DurLen  1989)°ne"half  °*  * Ufet,me'  The  agreement  “ intriguing,  to  say  the  least  (figure  from  Cuzzi  and 


Figure  2:  Radial  (inward)  drift  of  ring  material  as  a function  of  normal  optical  depth,  for  a particle  size 
distribution  typical  of  Saturn’s  rings  ( cr/r  ~ 100  g cm-3),  including  calculated  gravitational  focussing.  Long 
dashed  curve:  mass  loading  for  the  interplanetary  flux  of  Ip  (1984)  and  Grun  et  al.  (1985);  Solid  curve:  radial 
drift  due  to  mass  loading  alone;  short  dashed  curve:  radial  drift  due  to  longitudinal  asymmetry  in  angular 
momentum  deposition  (figure  from  Cuzzi  and  Durisen  1989). 
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Numerical  Simulations  of  Narrow  Planetaiy  Rings 
R.  A.  Kolvoord  and  J.  A.  Burns  (Cornell  University) 

Narrow  rings  are  much  more  ubiquitous  than  was  thought  only  a decade  ago  These  narrow 
structures  show  a,  startling  variety  of  time  varying  features,  such  as  the  tanks,  dn-np^nd 
braids  of  Saturn’s  F ring  and  the  incomplete  ring  arcs  of  Neptune.  In  our  continuing  P 

to  understand  this  odd  collection  of  effects,  we  have  numerically  modelled  a system ‘ ° 

2400  independent  particles,  comprising  three  concentric  narrow  rings,  gravitationally  interact, ng 
with  two  nearby  moonlets.  Both  the  satellites  and  the  ring  partic  es  are  a owe 
eccentric  and/or  inclined,  but  noncolliding  orbits.  The  self-gravity  of  the  ring  particles  is  also 
ignored.  We  use  the  planetary  equations  of  Lagrange  to  solve  for  the  re  evant  pei  ui  >a  ion. 
(cf.  Showalter  and  Burns  Icarus  52,  526-544  and  Kolvoord  BAAS  18,  671). 

Interpreting  the  results  of  the  three  dimensional  calculations  poses  a much  more  difficult  chal- 
lenge than  our  earlier  planar  work.  It  is  necessary  to  both  chose  an  appropriate  viewmg  ge- 
ometry and  simultaneously  remember  that  the  resulting  structures  change  depending  upon  t v 
vantage  point,  i.e.  as  the  particles  orbit  the  planet,  their  radial  positions  depend  upon  the 
exact  position  of  their  pericenters.  Consequently,  a group  of  particles  that  appeal “dumped  a- 
one  lingitude  do  not  appear  to  be  so  associated  on  the  other  side  of  the  planet  The  P esence  of 
clumps  and  wave-like  features  with  wavelength,  A = 3irA«,  as  shown  by  Showaltei  and  Buins, 
appears  to  carry  over  to  the  three  dimensional  calculations.  Our  results  continue  o s low 
imuthal  and  temporal  variability  akin  to  that  seen  in  Saturn’s  F ring. - They  are ! J s° * 8 
dependent  on  the  relative  positions  of  the  moonlets  and  the  initial  configuration  of  systen 
Animation  techniques  are  also  helpful  in  this  milieu,  but  the  choice  of  reference  georn  ^ ^ 
somewhat  arbitrary.  As  we  continue  our  work  on  the  Voyager  images  of  the  F ring,  *e s hope  t 
cast  our  graphical  results  in  a geometry  that  allows  direct  comparison  of  our  model  actm 

images. 
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Orbital  Evolution  of  Circumplanetary  Dust  by  Resonant  Charge  Variations 

J*  A.  Burns  (Cornell  U.)  and  L.  E.  Schaffer  (Queen  Mary  College,  London) 

Jupiter,  Saturn,  and  Uranus  are  encircled  by  broad  tenuous  rings  composed  of  orbiting  dust 
grains  roughly  1 //m  in  radius.  Such  grains  develop  electric  charges  q that  are  determined  by 
the  grain  s velocity  v through  magnetospheric  ions  and  electrons;  this  plasma  corotates  with 
the  planet  (spin  rate  f2)  and  its  magnetic  field  B.  q will  vary  systematically  with  the  orbit 
period  because  v and/or  the  plasma  conditions  change  periodically  as  the  grain  on  its  elliptical 
path  moves  closer  to  - and  then  further  from  - the  planet.  Electromagnetic  perturbations 
(ry/m)(E+v/cx  B)  - where  m is  the  grain’s  mass,  c is  the  speed  of  light,  and  E is  the  corotational 
electric  field  - on  circumplanetary  dust  are  significant,  and  have  a resonant  character,  since  the 
periodicity  of  q matches  the  orbital  period  2 7r jn.  As  in  other  celestial  mechanics  problems, 
orbital  evolution  is  expected,  except  that  this  resonance  occurs  everywhere  rather  than  at 
discrete  orbital  radii. 

We  follow  the  resultant  orbital  evolution  numerically  and  analytically.  Our  numerical  code 
integrates  the  equations  of  motion  and  simultaneously  tracks  the  varying  charge  state  of  the 
grain  q(/).  We  find  large  excursions  in  sernimajor  axis  a and  eccentricity  e.  Our  analytic 
solution  comes  from  computing  systematic  changes  in  the  grain’s  orbital  energy  Eand  angular 
momentum  L over  a Kepler  orbit,  and  then  relating  these  variations  to  d,  e.  We  calculate 
q(0  by  lineai izing  the  charging  equation  or  by  measuring  from  our  numerical  solutions.  If  we 
consider  a homogeneous  plasma  then  d,  which  depends  on  the  charge  history,  is  found  to  be 


d 

a 


QB0(R/a)3 
nmc(  1 — e2) 


cQi  sin  0U 


wlieie  q as  a function  of  true  anomaly  8 is  YlkQk  cosk  (8  — 8^)  and  8 ^ are  phase  lags  due  to  the 
grain’s  finite  charging  time.  The  Qk  and  8h  depend  on  a and  e as  well  as  the  plasma  density, 
composition  and  temperature.  Bq  is  the  strength  of  the  axisymmetric,  dipolar  component  of 
the  magnetic  field  at  the  planet’s  surface  (radius  R). 

In  many  cases  of  interest  the  initial  orbital  evolution  is  more  rapid  than  by  any  other  process. 
Dibits  howcvci  stabilize  after  evolving  to  some  given  aj  and  ej;  ej  is  either  zero  or  relatively 
large  (~  .25),  depending  on  do,  do.  We  show  that  for  the  planar  problem,  this  is  understandable 
in  terms  of  the  Jacobi  integral  E - 17  L = constant. 
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Uranian  Dust  Ring:  Have  We  Learned  Anything  From  Models  of  Other  Ethereal  Rings? 

J.  A.  Burns  (Cornell  U.),  J.  N.  Cuzzi  (NASA-Ames),  and  L.  E.  Schaffer  (Queen  Mary  College, 
London) 

The  highest  phase  angle  image  (172.5°)  of  the  Uranian  rings  shows  an  expanse  of  dust  punctu- 
ated by  a series  of  ringlets,  among  which  the  classically  known  rings  are  unexceptional  members. 
We  compare  the  fractional  areas  of  dust  and  parent  bodies  in  the  classical  rings  to  upper  bounds 
of  similar  quantities  for  the  dust  ringlets;  the  small  percentage  of  dust  ((2%  for  all  classical  rings) 
is  in  sharp  contrast  to  the  situation  for  the  F ring  and  Encke  ringlet,  but  not  in  disagreement 
with  the  main  Saturnian  rings  ((2%).  Grains  may  be  liberated  off  moonlets  that  jostle  one  an- 
other during  collisions  and  by  impacts  of  micrometeoroids  onto  unseen  moonlets  as  well  as  onto 
the  large  bodies  in  the  classical  rings.  In  either  case,  dust  concentrations  may  be  low  in  and  near 
optically  thick  regions  because  of  the  liklihood  of  immediate  reabsorption,  but  relatively  high  in 
Tariffed  regions  where  re-collision  times  are  longer.  Reabsorption  of  dust  onto  embedded  moon- 
lets may  provide  an  effective  sink  for  material,  and  thus  create  gaps  or  edges  in  the  ringlets. 
There  are  a number  of  quite  narrowly  confined  features  with  sharp  radial  gradients  in  density. 
The  abruptness  of  these  edges  argues  against  any  overall  orbital  evolution  by  plasma/neutral 
drag  or  diffusion  driven  by  Kepler  shear.  We  assess  the  possibility  of  confining  tenuous  ringlets 
by  shepherds  and  resonances  with  more  distant  satellites.  Orbital  evolution  by  plasma  drag  is 
not  likely  to  be  effective  because  any  thermal  plasma  tied  to  highly  distorted  magnetic  field 
lines  will  be  depleted  through  absorption  onto  the  classical  (optically  thick)  rings.  However, 
drag  due  to  netural  exospheric  particles  which  are  on  ballistic  trajectories  originating  in  the 
atmosphere  imposes  firm  lifetimes  on  crisp  structures.  Grain  charges  will  be  proportional  to  the 
temperature  T of  the  ambient  plasma;  both  T and  density  n will  be  determined  by  the  ability 
of  the  plasma  to  diffuse  through  the  rings  from  exterior  sources.  Charges  on  grains  would  tend 
to  smear  out  narrow  features  because  of  radial  excursions  induced  by  Lorentz  forces.  Ibis  is 
especially  true  of  the  e ring  which  lies  near  the  inner  rn  = 2 Lorentz  resonance;  grains  generated 
there  may  only  escape  by  leapfrogging  the  band. 
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Rotation  of  Halley’s  Comet 

S.  J.  Peale  and  Jack  Lissauer,  Physics,  University  of  California  at  Santa  Barbara 

The  two  distinct  periodicities  of  2.2  days  and  7.4  days  inferred  from  the  coma 
structure  and  light  curves  of  Halley’s  comet  together  with  the  irregular  shape  of  its 
nucleus  suggest  that  the  nucleus  is  not  in  a state  of  principal  axis  rotation.  We  model 
this  situation  using  numerical  simulations  supported  by  analytic  calculations.  It  is  easy 
to  numerically  generate  light  curves  from  modulated  jets  of  material  which  exhibit  both 
periodicities  if  we  choose  initial  conditions  for  a representative  nucleus  such  that  the 
shorter  period  is  the  rotation  period  and  the  longer  period  is  that  of  precession  of  the 
spin  vector  in  the  body  frame  of  reference.  The  dominant  spectral  power  in  such  curves 
most  often  corresponds  to  the  7.4  day  period  unless  the  amplitude  of  precession  is  very 
small.  Although  curves  similar  to  those  observed  over  short  time  intervals  are  obtained 
for  precession  about  either  of  the  axes  with  extreme  moments  of  inertia,  the  observed 
marked  seasonal  changes  in  the  light  curve  are  only  produced  for  precession  about 
the  axis  of  maximum  moment  of  inertia.  The  generation  and  stability  of  a wobble- 
type  rotation  state  is  investigated  by  numerically  solving  Euler’s  equations  for  the 
reaction  torque  from  a jet  of  ejected  material.  A nonprincipal  axis  rotation  is  easy  to 
excite  from  an  initial  rotation  about  the  axis  of  maximum  moment  of  inertia  (minimum 
energy)  only  if  the  nucleus  is  nearly  axisymmetric.  Except  for  almost  perfect  axial 
symmetry,  excitation  of  a precession  about  the  axis  of  minimum  moment  of  inertia 
is  always  frustrated  by  an  initial  precession  about  the  axis  of  maximum  moment  of 
inertia.  In  the  more  probable  case  of  significant  triaxiality,  even  a precession  of  the 
spin  about  the  axis  of  maximum  moment  of  inertia  is  difficult  to  excite  from  an  initial 
minimum  energy  state,  and  it  can  change  only  slowly  from  the  jet— induced  torques. 
However,  this  slow  change  could  suffice  to  generate  a substantial  amplitude  wobble 
from  the  cumulative  effects  of  many  apparitions.  The  damping  time  for  the  wobble 
is  O(106tol0®)  years,  which  rules  out  a primordial  origin  of  a wobble  but  allows  a 
gradual  excitation.  Significant  changes  in  the  spin  angular  momentum  can  occur  in 
a single  apparition,  but  the  stability  of  the  amplitude  of  precession  about  the  axis  of 
maximum  moment  of  inertia  means  that  a rotation  state  which  is  relatively  stable  over 
many  apparitions  is  not  unreasonable.  The  improbability  of  exciting  a spin  precession 
about  the  axis  of  minimum  moment  of  inertia,  the  relative  instability  of  this  state  to 
the  jet-induced  torques  and  the  smaller  probability  of  observing  significant  seasonal 
changes  in  the  light  curve  in  this  state  all  favor  the  model  in  which  Halley’s  nucleus 
precesses  about  the  axis  of  maximum  moment  of  inertia. 
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On  the  Mass  Density  of  Halley’s  Comet 

S.  J.  Peale,  Physics,  University  of  California  at  Santa  Barbara 

The  four  day  increase  in  the  orbital  period  of  Halley’s  comet  for  each  apparition 
which  is  not  accounted  for  by  gravitational  perturbations  has  long  been  attributed  to 
the  reaction  of  the  nucleus  to  the  jets  of  gas  and  dust  coming  from  the  surface  (Marsden 
et  al.,  1973).  Estimates  of  the  mass  flux  from  the  surface  and  the  ejection  velocities 
obtained  during  the  1986  apparition  lead  to  estimates  of  the  reaction  force  and  thereby 
of  the  mass  and  density  of  the  nucleus,  (Rickman,  1987;  Sagdeev  et  al.,  1988),  where 
the  nucleus  volume  is  known  from  spacecraft  images  (Keller  et  al.,  1987).  In  the  present 
calculation  of  the  density,  the  rate  of  mass  ejection  at  the  time  of  the  spacecraft  flybys 
is  used  as  a basis  for  estimating  the  mass  flux  at  other  parts  of  the  orbit  from  the  light 
curve  of  Green  and  Morris  (1987).  The  light  scattered  from  ejected  material  is  assumed 
to  be  proportional  to  the  total  mass  of  such  material  within  the  telescope  aperture  at 
any  instant.  The  latter  is  connected  to  the  mass  flux  through  a weighted  integral  of  the 
flux  over  a specified  time  interval.  A reaction  force  from  a jet  of  material  is  averaged  over 
a rotation  period,  and  the  resultant  is  assumed  to  lie  in  the  plane  of  the  orbit  at  a small 
angle  a from  the  Sun-comet  line.  The  density  p of  the  nucleus  is  obtained  as  a function 
of  the  time  interval  over  which  the  flux  is  assumed  to  contribute  to  the  instantaneously 
visible  material,  the  variation  of  that  interval  with  heliocentric  distance,  where  this 
variation  is  constrained  by  the  energy  available  to  evaporate  water  ice,  the  estimate  of 
the  reaction  force  at  the  time  of  spacecraft  flyby  and  the  heliocentric  visual  magnitude 
at  the  time  of  flyby.  If  the  reaction  force  is  entirely  radial,  a nominal  value  of  the 
density  of  about  2gm/cm3  is  obtained.  But  the  uncertainties  in  the  assumptions  and 
observations  yield  0.7  < p < 5gm/cm3.  This  result  is  compared  with  the  0.2gm/cm3 
obtained  by  Rickman  (1987)  and  0.2  < p <>  1.5gm/cm3  obtained  by  Sagdeev  et  al. 
(1988).  It  is  noteworthy  that  the  larger  mass  ejection  rate  after  perihelion  passage 
compared  with  that  before  leads  to  reasonable  densities  even  if  the  reaction  force  is 
entirely  radial,  and  a tangential  component  of  the  force  may  not  be  necessary  for  the 
non  gravitational  perturbation  of  the  orbital  period.  But  Halley’s  density  is  otherwise 
not  sufficiently  constrained  to  be  very  informative. 
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SOLID  STATE  PROBLEMS  IN  THE  SOLAR  SYSTEM 
R.  Smoluchowski,  University  of  Texas,  Astronomy  Department 

^ . . r™  nhcprvp.fi  behavior  of  a comet  is  dominated  by  the  heat  transport  in 

L CdTPgtMy  nucigl-  nf  the  laree  scale  structure,  such  as  shape  and 

calculations  focus  onde.crnuntng  the  effective  thennal 

conductivity  of  a higher  density  '^.^^“^Stion  of  temperature. 

The  thermal  conductivity  of  non-porous  water  g contribution  of  the 

Calculations  of  the  effective  thennal  conductivity  of  w^^inc^iem  tapedes 

pore  space  to  the  conductivity  of  the  ma  en  ^ effective  conductivity.  At  temperatures 

conductivities  are  7.1  Wm  K and  . 7Wm-2v'-l  and  3 6 Wnr^K'1,  not 

pores,  the  corresponding  thermal  conductivines  arj:  ^ temperatures,  the  thermal 

including  the  contribution  fan ^ space, 
conductivity  is  decreased  by  33%  . u „t  through  the  material.  However,  at  high 

empty  pores  space  in  ineffective  at  S I thermal  conductivity  to  increase  by 

temperatures,  the  pore  space  vapor  causes  the  the  influence  of 

53%  again  apart  from  radiative  As  an  example  of  the 

pores  shapes  on  the  effective  f 25%  porous  water  ice  material  with 

in  contrast  to  the  conductivity  of  the  ma tend  conommg^sphen^t  po^  ^ ^ ^ 
to  the  conductivity  of  the  matenal  rontatningth  p possessing  the  spherical  pores, 

conductivity  was  only  2%  aboveAe  value  te  jw  ^ shaped  pores  do  not 
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comparisons  can  be  made  for  low  temperatures,  in  which  we  see  that  the  pancake  shaneH 
pores  cause  a greater  reduction  in  the  effective  thermal 

pores,  a 63%  reduction  versus  a 9%  reduction.  The  pancake  sharXt  ^ ShaPe<^ 

the  flow  of  heat  through  the  material.  These  are  just  two  examolesoutof  y Unpe<ieu 

have  been  calculated  in  this  study.  As  stated  ab^ve,  the  effect  of  porosity,  poreTha^  wre? 
size,  pore  orientation,  pore  size  distribution,  pore  vapor  composition  solid  irp  rnmnnc  v* 

entrapped  in  thm  graphitic  shells  C<50  in  terms  of  the  change  of  the  volume  available  to  th*» 
excited  elechon.  Also,  the  existence  of  a number  of  pain  £ 

of  w frCe  vlbrations  of,the  111111  shells  ^ taken  into  account.  A study  has  been  made 

Th?m Kf  ?ffiC-m?:^araSmS  and  S1ueS  [n  space  wherc  the  carbon  shells  C60  could  be  formal 
The  most  efficient  sites  appear  to  be  the  SNI  supemovae.  It  is  hoped  that  it  will  be  possible 

.^TortoJnTo^cT^w'0131  "Umber  °f  ,hC  *nters*ellar diffuse  absorption  lines  in 
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Asteroid  and  Comet  Flux  in  the  Neighborhood  of  the  Earth 

Eugene  M.  Shoemaker,  Carolyn  S.  Shoemaker,  and  Ruth  F.  Wolfe 
U.S.  Geological  Survey,  Flagstaff,  Arizona  86001 

Significant  advances  in  our  knowledge  and  understanding  ol  the  flux  of  large  solid  objects  in 
the  neighborhood  of  Earth  have  occurred  since  the  last  Snowbird  Conference.  We  present 
here  our  best  estimates  of  the  collision  rates  with  Earth  of  asteroids  and  comets  and  the 
corresponding  production  of  impact  craters. 

Approximately  80  Earth-crossing  asteroids  have  been  discovered  through  May  1988.  The 
rate  of  discovery  increased  to  8 per  year  in  1986  and  1987,  more  than  double  the  previous 
10-year  average.  As  shown  by  this  high  rate,  the  discovery  of  Earth  crossers  is  far  from 
complete.  Among  42  new  Earth-crossing  asteroids  found  in  the  last  decade,  two-thirds  were 
discovered  from  observations  at  Palomar  Observatory  and  15  were  discovered  or 
independently  detected  in  dedicated  surveys  with  the  Palomar  46-cm  Schmidt.  On  the  basis 
of  these  latter  observations  and  6 discoveries  made  in  a prior  survey  using  the  46-cm 
Schmidt  [1],  we  estimate  that  the  population  of  Earth  crossers  brighter  than  absolute  V 
magnitude  (H)  of  17.7  is  about  1100.  The  estimated  populations  of  each  orbital  type,  based 
on  the  proportions  of  known  objects  brighter  than  mag  17.7,  is  as  follows  (numbers  enclosed 
in  parentheses  indicate  assumed  values): 


Number 

Percent 

Estimated 

Discovered 

Discovered 

Population 

Atens 

4 

(5) 

80  ± 50 

Apollos 

36 

5.1 

700  ± 300 

Earth-crossing  Amors 

15 

(5) 

300  ± 150 

Total  Earth  crossers 

55 

5 

1080  ± 500 

Probabilities  of  collision  with  Earth  have  been  calculated  for  about  two-thirds  of  the  known 
Earth-crossing  asteroids  by  the  method  of  Shoemaker  et  al.  [21;  the  mean  of  the  calculated 
collision  probabilities  is  0.49  x 10 8 yr1.  When  multiplied  by  the  estimated  population  of 

Earth  crossers,  this  yields  an  estimated  present  rate  of  collision  of  (5.2  ± 2.5)  x 10  yr  to 

H-17.7.  This  estimate  is  about  65%  higher  than  that  reported  in  [2],  owing  chiefly  to  the 

discovery  in  the  last  10  years  of  several  asteroids  with  unusually  high  probabilities  of 

collision.  When  improved  data  on  the  proportion  of  S-  and  C-type  asteroids,  the  distribution 
of  impact  speeds,  and  the  theoretical  distribution  of  zenith  angles  of  impact  are  taken  into 
account,  we  estimate  from  the  above  collision  rate  that  the  production  of  asteroid  impact 
craters  larger  than  10  km  in  diameter  is  (1.6  x/+  2)  x 10 14  km2  yr1,  somewhat  lower  than 
that  given  in  [2]  and  [3]. 

Present  evidence  indicates  that  the  discovery  of  Earth -crossing  asteroids  is  essentially 
complete  at  H=13,  close  to  the  magnitude  of  the  brightest  known  objects.  Because  the 

completeness  of  discovery  declines  for  fainter  objects,  the  magnitude-frequency  distribution  of 
the  population  can  only  be  inferred  from  indirect  evidence.  For  Earth  crossers  fainter  than 
mag  15,  the  slope  of  the  magnitude-frequency  distribution  is  assumed  to  be  similar  to  that  of 
main  belt  asteroids  (cumulative  frequency  approximately  proportional  to  ea9H).  If  so,  the 
frequency  evidently  drops  precipitously  for  objects  brighter  than  mag  15  (cumulative 
frequency  roughly  proportional  to  e2H).  In  this  model,  the  collision  rate  of  Earth  crossers  to 
H<15  (roughly  equivalent  to  S-type  asteroids  with  diameters  greater  than  3 km)  is  about 
3x10 7 yr1;  the  collision  rate  to  H<13  (asteroids  roughly  8 km  in  diameter  and  larger)  is 
about  5x10 9 yr1. 

Spectrophotometric  data  obtained  chiefly  in  the  last  decade  show  that  the  large  majority  of 
observed  Earth  crossers  are  similar  to  asteroids  found  in  the  inner  part  of  the  main  belt. 
The  combination  of  asteroid-asteroid  collisions  in  the  main  belt,  resonant  perturbations  of  the 
orbits  of  collision  fragments,  and  further  perturbation  of  asteroid  fragments  by  encounters 
with  Mars  appears  adequate  to  replace  losses  of  Earth -crossing  asteroids  due  to  collisions 
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with  planets  as  well  as  ejection  from  the  solar  system.  The  population  of  Earth  crossers  to 
H“17.7  probably  has  remained  steady  within  about  ±5%  through  most  of  the  last  3 billion 
years.  However,  surges  of  about  25%  above  the  mean  level  in  die  population,  which  were 
due  to  breakup  of  main  belt  asteroids  on  the  order  of  100  km  in  diameter,  probably  occurred 
at  average  intervals  of  about  half  a billion  years  [4],  Durations  of  these  surges  above  half 
maximum  are  estimated  to  be  about  3xl07  years.  The  number  of  Earth  crossers  brighter  than 
mag  13  may  have  increased  by  an  order  of  magnitude  at  the  peak  of  these 

surges.  In  addition  to  these  stochastic  fluctuations  of  the  population,  periodic  modulation  of 
the  near-Earth  asteroid  flux  has  occurred  at  a frequency  of  10 5 yr1  as  a result  of  secular 
variation  of  the  eccentricity  of  the  Earth’s  orbit.  The  amplitude  of  this  modulation  is 
estimated  to  be  about  ±10%  from  the  mean  flux. 

The  number  of  discovered  Earth-crossing  comets  is  more  than  4 times  greater  than  the 
number  of  known  Earth-crossing  asteroids,  but  reliable  data  on  the  sizes  of  comet  nuclei  are 
sparse.  Photographic  observations  of  comets,  obtained  when  they  were  relatively  far  from 
the  Sun,  and  the  record  of  comet  discoveries  have  been  used  to  estimate  the  magnitude- 
frequency  distribution  and  flux  of  the  nuclei  [5],  The  near-Earth  flux  is  found  to  be 
dominated  by  long  period  comets.  After  correction  for  contamination  of  the  observations  by 
unresolved  coma,  the  estimated  present  rate  of  collision  with  the  Earth  of  comet  nuclei 
brighter  than  absolute  B magnitude  18  is  about  10 7 . 

Several  lines  of  evidence  suggest  that  the  albedos  of  comet  nuclei  generally  are  very  low; 
this  inference  has  been  confirmed  from  spacecraft  images  of  the  nucleus  in  the  case  of 
P/Halley  [6].  Adopting  a geometric  albedo  of  0.03  in  the  B band  [5],  we  calculate  the 
diameter  of  comet  nuclei  to  be  2.5  km  at  absolute  B magnitude  18  and  10  km  at  mag  15. 
At  the  rms  speed  of  57.7  km  sec1,  found  for  long  period  comets,  and  a modal  zenith  angle 
of  impact  of  45°,  comet  nuclei  of  B magnitude  18  are  estimated  to  produce  craters  40  to  50 
km  in  diameter,  if  their  densities  are  in  the  range  of  0.5  to  1.2  gm  cm  3.  Craters  of  this  size 
are  comparable  with  those  produced  by  S-type  asteroids  of  absolute  V magnitude  14.2  to 
14.8  (diameters  of  3.3  to  4.5  km)  impacting  at  the  rms  speed  of  17.5  km  sec1  found  for 
Earth-crossing  asteroids. 

At  the  present  comet  flux,  the  estimated  rate  of  collision  with  Earth  of  comet  nuclei  >10  km 
diameter  is  10 8 yr1,  and  the  corresponding  mean  rate  at  which  these  objects  pass  the  Earth 
at  a distance  of  4,67  x 106  km  (0.0312  AU),  the  miss  distance  of  comet  IRAS-Araki-Alcock 
(1983  Vni),  is  about  once  per  200  years.  The  geometric  mean  diameter  of  the  elongate 
nucleus  of  IRAS-Araki-Alcock,  determined  from  radar  and  infrared  observations,  is  9.3  km 
[7].  We  conclude  that  the  close  approach  of  this  large  comet,  during  the  ~20-year  period  in 
which  the  radar  observations  of  its  nucleus  could  have  been  made,  either  was  a stroke  of 
luck  (probability  ~0.1)  or  our  estimate  of  the  present  flux  of  comets  about  10  km  in 
diameter  is  conservative. 

The  flux  of  comets  almost  certainly  has  been  highly  variable  over  late  geologic  time,  owing 
to  the  random  perturbation  of  the  Oort  comet  cloud  by  stars  in  the  solar  neighborhood. 
Monte  Carlo  studies  [8]  suggest  that  surges  in  the  near-Earth  flux  from  3 to  more  than  30 
times  the  mean  background  occurred  at  typical  intervals  of  a few  tens  of  millions  of  years. 
The  majority  of  comet  impacts  probably  occurred  during  these  surges  or  comet  showers. 
Even  the  background  flux  probably  has  varied  by  factors  of  about  2 over  time  intervals  of 
10  years,  and  it  is  not  known  from  direct  observations  of  comets  whether  the  present  flux 
lies  close  to  the  mean  background  or  whether  it  might  represent  a shower  or  possibly  a 
comet  "drought." 

The  record  of  terrestrial  impact  craters  and  impact  glass  suggests  that  a mild  comet  shower 
may  have  occurred  at  -35  Ma,  and  a weak  shower  may  have  peaked  at  -1  Ma  [9].  On  the 
basis  of  bounds  on  the  total  crater  production  set  by  the  Copemican  crater  record  of  the 
Moon  [10],  we  suggest  that  the  present  comet  flux  is  about  twice  the  mean  background  for 
the  last  billion  years;  comet  impacts  probably  account  for  no  more  than  half  the  Phanerozoic 
impact  craters  larger  than  20  km  in  diameter.  During  the  late  Phanerozoic,  the  mean  rate  of 
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collision  wiih  Ihe  Earth  of  lO-km-femele,  and  objem  capable,  »f 

larger  than  -150  km  in  diameter  may  have  been  about  1 to  / x tu  y 
these  giant  craters  probably  was  dominated  by  comet  impact. 

Our  best  estimate  of  the  production  of  terrestrial  impact  craters  over  the  last  100  m 
years  is  as  follows: 

Crater  Diameters 

>10  km  >20  km  >30  km  >50  km  >60  km  >100  km  > 5 

Asteroid  impacts  820  180  73  10  4.5  ■ 

Comet  impacts  ® Ts  I T 1 

Total  crater  production  (1090)  240  97  18 

The  uncertainty  to  be  attached  to  each  of  the  ^vc,nfl|1^eSin‘S(ji^n^1  may  have  been 
Production  by  comet  impact  of  craters  smal  er  n . . h approximate  number 

suppressed  by  atmospheric  breakup  of  comet  nucle.  [11].  To  obtain  the  approx. 

of  craters  expected  to  have  formed  on  the  continents,  the 
figures  given 

TE" treated  by  Grieve  [12]  from  the 

million  years.  On  the  other  hand,  the  corre^nding  numte  ' ^ inning  0f  the 

diameter  expected  to  have  been  produced  on  ^ numbcr  Qf  Copemican  and 

Eratosthenian  period  (the  last  3.3  ^»*on  yearn)  is  ^ * observation  [2,12]  that  the 

Eratostheman  craters  mapped  by  Wilhelms  lit)],  we  repeal  u as  much  as  a 

mean  cratering  rate  may  have  increased  in  late  geo  jn  lhe  mean  comet  nux,  but  only 

factor  of  2 could  be  most  readily  explained  by  diarneter  during  the  last  100  million 

JeTTs  r r^ctP~  tSZ  SSncfco'S.  which  i-d  be  recoded  « 

the  telescope  as  asteroids). 
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BY^THELUPMRSEI^Sc'nE^^^^K-— DETECTED 

GelphysiS;' Th^StJ  ^flttA50*'"'*8  a"d  InStini‘e  f°r 

Jxa'n^S’in' temfo“afSsrtbIldonnS:  ?eismic,s,ati°n  "Owork  from  1969  to  1977  are 
variation  of  impact  rate,  and  c)  temporal  of  impact  locations  and  energies,  b)  the  diurnal 

strong  clustering.  Several  known  comet^showers  aTfdCTtS^h  (p&SS  V ^g)  Sh°W 
and  Aquarids  being  the  most  Dromim-nt  Qin^  ^e.ldentified,  l^e  Perseids,  Leonids, 

approach  from  orbits  of  S B ,w  * maJOn,y  of  these  appears  ,o 

Snot  inS'tiim'Ihon^riSi  comets^d FIF’  ™ -el  to  orbifi 

portion  of  the  preimpS  kinefic  e^v^l'F  f • Smmic  effici“cy.  i * the 

nearly  constant  over  a wide  range  of  „JLs,  velocities,  Z SS^ST  ‘°  ^ 
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ACCUMULATION  AND  FRAGMENTATION  MODEL  OF  THE  ASTEROID  BELT;  G.W. 
Wetherill,  DTM,  Carnegie  Institution  of  Washington,  Washington,  D.C.  20015 


Recent  advances  in  understanding  the  physical  principles  of  planetesimal 
accumulation  provide  the  opportunity  of  developing  self-consistent  quantita- 
tive models  of  asteroid  formation  that  can  be  compared  with  observational 
data  on  asteroidal  meteorites,  and  telescopic  and  spacecraft  observations  of 
asteroids  themselves.  By  iteration  of  theory  and  observation  one  can  there- 
by make  more  complete  use  of  the  unique  record  of  early  solar  system  history 
preserved  in  meteorites. 

It  is  plausible  to  assume  that  the  solar  nebula  filled  the  asteroid 
belt  in  a continuous  manner.  A straightforward  application  to  the  asteroid 
belt  of  the  planetesimal  accumulation  model  proposed  for  the  terrestrial 
planets  (1)  then  leads  to  a reductio  ad  absurdum  because  runaway  accumulation 
predicts  formation  of  ^1/3  Earth-mass  planet-size  bodies  in  ^3  X 10^  years. 
Merger  of  these  bodies  will  then  lead  to  at  least  one  "terrestrial"  planet 


in  the  asteroid  belt. 

An  alternative  is  quenching  the  asteroidal  runaway  by  perturbations  by 
an  early-formed  Jupiter,  possible  models  for  which  have  been  obtained  (2,3). 
These  same  models  still  permit  runaway  growth  at  1 A.U.  and  formation  of 
the  terrestrial  planets  in  the  manner  described  earlier  (1,4,5).  If  modest 
external  perturbations  lead  to  eccentricities  '''10“ 3 to  10“  » asteroidal 
growth  will  be  satisfactorily  limited  to  formation  of  'vlO^  g bodies  in 

years.  During  the  growth  of  these  larger  asteroids,  the  smaller 
members  of  the  planetesimal  swarm  will  be  destroyed  by  mutual  collisions, 
leading  to  loss  of  material  by  fragmentation  with  an  initial  characteristic 
time  scale  of  ^2  m.y.  The  largest  bodies  will  be  nearly  invulnerable  to 
destruction.  During  this  period  of  growth,  much  of  the  material  in  the 
larger  bodies  will  consist  of  breccias,  formed  by  low  velocity  impact,  as 
well  as  by  reaccumulation  of  fragments  of  smaller  bodies,  derived  from 
limited  regions  of  the  asteroid  belt,  ^0.03  A.U.  in  width. 

Further  gradual  increase  in  eccentricity  to  present  asteroidal  values 
on  a 'vlO?  year  time  scale,  (presumably  externally  driven)  is  then  found  to 
cause  collisional  destruction  of  >99.9%  of  the  asteroidal  material  within 
150  m.y.,  after  which  time  asteroidal  evolution  resembles  that  observed 
today.  This  model  is  amenable  to  future  comparison  with  observational 
evidence  obtainable  from  petrography  of  meteorites,  evidence  for  a "late 
veneer"  on  the  terrestrial  planets,  their  cratering  history,  and  asteroidal 
observation. 
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Are  Asteroids  the  Source  of  the  Period  of  Late  Heavy  Bombardment  in  the 
Inner  Solar  System?;  R.G.  Strom,  Department  of  Planetary  Sciences,  University  of 
Arizona,  Tucson,  Arizona  85721 

In  the  inner  Solar  System,  the  heavily  cratered  terrain  on  the  Moon,  Mercury,  and 
Mars  all  have  similar  size/frequency  distributions  representing  the  period  of  late  heavy 
bombardment.  On  Mercury  and  Mars,  there  is  a paucity  of  craters  less  than  about  40 
km  diameter  relative  to  the  Moon.  This  paucity  of  craters  is  probably  the  result  of  crater 
obliteration  by  intercrater  plains  formation  on  Mercury  and  both  intercrater  plains  and 
atmospheric  erosion  and  deposition  on  Mars. 

A comparison  of  the  cratering  curves  for  the  Moon,  Mercury,  and  Mars  shows  that 
they  are  laterally  displaced  with  respect  to  each  other  at  diameters  between  about  40  km 
and  150  km,  where  the  curves  are  probably  unaffected  by  erosion  and  deposition  and  where 
the  statistics  are  relatively  good.  They  are  displaced  in  such  a manner  that  higher  impact 
velocities  are  required  at  planets  with  smaller  heliocentric  distances,  i.e.,  larger  craters  at 
Mercury  and  smaller  craters  on  Mars  compared  to  a given  size  crater  on  the  Moon.  This 
is  consistent  with  a single  family  of  objects  in  heliocentric  orbits.  The  Martian  curve  is 
laterally  displaced  to  smaller  diameters  by  about  one  y/2  diameter  bin  compared  to  the 
lunar  curve,  while  the  Mercurian  curve  appears  to  be  displaced  to  larger  diameters  by 
about  a half  a \/2  diameter  bin  compared  to  the  Moon. 

In  order  to  determine  the  orbital  elements  of  the  objects  responsible  for  the  period  of 
late  heavy  bombardment,  Monte  Carlo  computer  simulations  were  devised  to  attempt  to 
reproduce  the  observed  displacements  of  the  crater  curves  from  impact  velocities  appropri- 
ate for  objects  with  various  semimajor  axes  and  eccentricities.  In  these  early  simulations, 
a projectile  size/frequency  distribution  was  recovered  from  the  lunar  highlands  cratering 
curve  using  a modified  Holsapple-Schmidt  crater  scaling  law  and  randomly  selected  impact 
velocities  derived  from  objects  with  semimajor  axes  from  0.5  to  2.5  AU  and  eccentricities 
from  0.5  to  0.9.  This  projectile  population  was  then  used  in  another  Monte  Carlo  simula- 
tion to  generate  crater  size/frequency  distributions  on  the  Moon,  Mercury,  and  Mars  using 
randomly  selected  impact  velocities  derived  from  objects  with  various  orbital  elements. 

These  early  initial  simulations  indicated  that  only  objects  confined  to  the  inner  Solar 
System  and  with  large  eccentricities  (>  0.5)  could  produce  the  observed  lateral  shift  in  the 
crater  curves.  However,  these  simulations  did  not  take  into  account  the  impact  probability 
of  the  objects.  Some  orbital  elements  have  collisional  lifetimes  that  are  greater  than  the 
age  of  the  Solar  System,  while  others  are  very  short.  In  order  to  account  for  the  impact 
probabilities  of  objects,  new  Monte  Carlo  computer  simulations  were  devised  to  take  into 
account  the  lifetimes  of  the  objects  and  therefore  the  impact  frequency.  In  these  simula- 
tions, the  number  of  times  an  impact  velocity  was  used  in  a simulation  was  derived  from 
its  lifetime  by  normalizing  it  to  the  age  of  the  Solar  System  so  that  the  shorter  the  life- 
time, the  more  frequently  the  impact  velocity  was  used.  Impact  velocities  for  objects  with 
lifetimes  greater  than  the  age  of  the  Solar  System  were  rejected.  These  new  simulations 
more  accurately  portray  the  impact  velocity  distributions  for  various  orbital  elements. 

Currently  four  models  are  being  tested.  One  model  assumes  that  the  population  of 
impacting  objects  is  collisionally  evolved  so  that  relatively  large  orbital  inclinations  are 
associated  with  large  eccentricities,  or  t ~ e/2  where  e is  in  radians.  A second  model 
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is  the  opposite  case  where  the  population  is  not  collisionally  evolved  and  relatively  large 
orbital  inclinations  are  associated  with  small  eccentricities,  i.e.,  evolution  along  surfaces  of 
constant  Tisserand  invarient  in  a,e,i  space.  The  third  model  will  consider  an  intermediate 
case  of  partial  collisional  evolution,  while  the  fourth  model  derives  impact  velocities  from 
the  orbital  elements  of  present  day  terrestrial  planet-crossing  asteroids  and  short-period 
comets. 

To  date  only  two  models  have  been  tested.  The  first  model  where  objects  are  colli- 
sionally evolved  with  semimajor  axes  from  0.5  to  1.5  AU  and  eccentricities  from  0.1  to  0.9 
does  not  generate  the  impact  velocity  differences  between  the  Moon,  Mercury,  and  Mars 
required  to  produce  the  observed  lateral  displacement  in  the  cratering  curves.  However, 
present-day  terrestrial  planet-crossing  asteroids  produce  the  observed  shift  in  the  crater 
curves  when  their  impact  probabilities  are  taken  into  account.  Although  the  other  cases 
have  yet  to  be  tested,  it  appears  possible  that  objects  on  orbits  similar  to  present-day  ter- 
restrial planet-crossing  asteroids  could  have  been  responsible  for  the  period  of  late  heavy 
bombardment  in  the  inner  Solar  System.  Perhaps  such  objects  could  have  originated  from 
a now  depleted  innermost  part  of  the  asteroid  belts  by  Mars’  perturbations  early  in  Solar 
System  history  as  suggested  by  Wetherill  (personal  communication). 


Ill 


ASTEROID  COLLISIONAL  EVOLUTION:  THE  HOLISTIC  APPROACH 
P.  Paolicchi  (U.  of  Pisa),  A.  Cellino  (Obs.  Astro,  of 
Torino),  D.  Davis  (Planetary  Sci.  Inst.),  P.  Farinella  (U. 
of  Pisa),  and  V.  Zappala  (Obs.  Astro,  of  Torino) 

The  current  distribution  of  asteroid  sizes  and  spin 
rates  is  the  product  of  collisional  modification  of  the 
"initial"  or  "primordial"  size  and  spin  distribution. 
Understanding  how  collisions  have  changed  these  two 
observable  characteristics  of  the  asteroid  population  will 
enable  us  to  establish  their  "starting"  values,  which  were 
presumably  the  result  of  the  accretionary  phase  of 
asteroids.  In  this  fashion,  the  study  of  asteroids  allows 
insights  into  the  process  of  planetary  accretion  and  the 
asteroid  belt  is  the  only  place  in  the  solar  system  where 
it  is  possible  to  infer  information  about  properties  of 
the  early  planetesimal  population. 

Ve  have  developed  and  applied  a new  numerical 
simulation  for  studying  the  simultaneous  effects  on 
asteroid  sizes  and  spins  of  their  mutual  collisions.  This 
program  was  created  by  adding  a model  for  changes  in  the 
spin  rates  of  asteroids  due  to  mutual  impacts  to  a 
previous  simulation  that  treated  asteroid  size  evolution 
alone  (1).  Spin  changes  due  to  the  physical  processes  of 
collisional  spinup  and  drag,  angular  momentum  drain  and 
catastrophic  disruption  are  included  in  this  model.  For 
cratering  impacts,  defined  to  be  those  that  shatter  less 
than  half  of  the  target  body,  effects  of  collisional 
spinup  and  drag  were  modeled  using  the  theory  of  Harris 
(3)  while  the  angular  momentum  drain  was  incorporated 
using  the  results  of  Dobrovolskis  and  Burns  (2).  However, 
the  dominant  type  of  collision  that  changes  asteroid  sizes 
and  spin  is  that  of  collisional  disruption,  defined  to  be 
a collision  that  shatters  and  disperses  the  fragments 
against  their  mutual  gravitational  binding  such  that  the 
largest  post  impact  body  contains  less  than  half  the  mass 
of  the  original  target.  The  outcome  of  such  a collision 
consists  dominantly  of  discrete  fragments,  but  the  largest 
body  may  be  a "rubble  pile",  formed  when  some  of  the 
fragments  gravitationally  reaccumulate. 

Our  model  for  the  spin  rates  of  fragments  and  rubble 
piles  resulting  from  collisional  disruption  is  based  on 
laboratory  impact  experiments  and  on  a numerical 
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simulation  of  the  collisional  fragmentation  of  a discrete 
bodv  (4).  Earlier  work  using  this  model  is  described  in 
the  forthcoming  Asteroids  III  Volume  (I.  Brnzel,  ed.)  and 
treated  the  "rubble  pile”  as  if  they  cere  large  solrd 
fragments.  This  algorithm  always  produced  spin  up  of  l116 

reaccumulated  core,  yet  physical  .^lar 

snin  down  should  occur  when  there  is  significant  angular 

momentum  drain,  analogous  to  that  for 
¥e  have  developed  an  improved  model  for  the  post  impact 
spins  of  these  reaccreted  cores  based  on  extensive 
computer  simulations  using  the  model  described  in 
Paolicchi  et  al.  (4).  Figure  1 Presents  the  first  resu  t 
of  this  analysis.  Ve  have  incorporated  this  angular 
momentum  "splash”  effect  into  our 

collisional  evolution  by  computing  the  spin  of  the  reac 
cumulaS  core  as  a fraction  (Mc/M.)  times  the  post  impact 

target  spin  rate,  provided  Mc/Mi>0.2,  i.e.  Wc/Wi-Mc/Mi’ 
where  u , M , and  Mi  are  the  angular  velocity  and  mass 

of  the  core'and'initial  target  body,  respectively.  Other- 
wise,  the  core  is  treated  as  a fragment  as  before.  Vit 
this  addition  to  our  spin  rate  algorithm,  we  now  have  a 
comprehensive  model  for  the  changes  to  a^™id  spin  ra 
due  to  their  mutual  collisions.  Applications  of  this  new 
tool  to  study  asteroid  collisional  history  are  now  in  pro- 
gress. 

(1)  Davis,  D.R.,  Chapman,  C.R.,  Veideuschilling,  S.J.  and 
Greenberg,  It.  (1985).  Icarus,  62,  30-53. 


(2)  Dobrovolskis  and  Burns,  J.  (1984). 
464-476. 


Icarus  57, 


(3)  Harris,  A.V.  (1979).  Icarus  40,  145-153. 

(4)  Paolicchi,  P.,  Cellino,  A.,  Farinella,  P.  and 
Zappala,  V.  (1989).  Icarus,  in  press. 


113 


Figure  1:  Spin  rate  of  a reaccumulated  core  (normalized 

to  the  post  impact  spin  rate  of  the  target,  u fu.)  as  a 

function  of  the  core  mass  (normalized  to  the  initial 
target  mass).  The  dotted  lines  indicate  the  envelope  of 
solutions  obtained  when  the  initial  spin  velocity  varies 

from  10  3sec  1 to  10' 4 (sec-1)  (period  = 1.7  hrs  to  17 
nrsj  and  different  random  points  are  selected  for  the 
computations. 
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AN  INTEGRATED  MODEL  FOR  COLLISIONAL  EVOLUTION  OF  ASTEROID 

SIZES  AND  SPINS  . . _ , 

Donald  R.  Davis  (Planetary  Science  Institute),  Paolo 

Farinella,  Paolo  Paolicchi  (U.  of  Pisa) 


Sizes  and  rotation  rates  are  two  fundamental  properties  of 
the  asteroids  that  have  been  altered  by  collisions  over 
solar  system  history.  Ve  present  results  from  a new 
numerical  simulation  which  models  the  simultaneous  changes 
in  the  sizes  and  spin  of  asteroids  due  to  their  mutual 
collisions.  The  collisional  model  described  by  Davis  et 
al.  (1985)  was  augmented  by  a calculation  of  rotational 
changes  due  to  collisional  spinup  and  drag,  angular 
momentum  drain,  and  catastrophic  disruption.  Large 
asteroids  (>  (100-200)  km  diameter)  are  dominantly 
survivors  from  the  primordial  population  whose  spin 
periods  have  changed  only  modestly  over  solar  system 
history.  Ve  illustrate  effects  of  different  choices  of 
material  parameters  on  the  evolution  of  the  asteroidal 
population  and  describe  our  best  estimate  of  the  asteroid 
size  distribution  of  the  time  that  asteroid  collision 
speeds  were  pumped  up  to  their  current  value  of  ~5  km/s. 


Davis,  D.R.,  Chapman,  C.R.,  Veidenschilling,  S.J.  (1985). 
Collisional  History  of  Asteroids:  Evidence  from  Vesta  and 
the  Hirayama  Families,  Icarus  62,  30-53. 
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COLLISIONAL  DISRUPTION  EXPERIMENTS:  IMPACT  STRENGTH 

ANALYSIS  AND  VELOCITY  DISTRIBUTIONS 

E.V.  Ryan  and  D.R.  Davis  (Planetary  Science  Inst.) 

Collisions  in  the  solar  system  involve  a wide  variety 
of  material  types  for  both  target  and  projectile  ranging 
from  strong  metallic  to  weak  icy  bodies.  To  avoid  the  dif- 
ficulties of  a multi- material  experimental  program,  but 
still  study  how  target  strength  differences  might  affect 
collisional  outcomes,  we  chose  to  use  a single  material, 
cement  mortar,  where  we  could  vary  the  strength  over  an 
order  of  magnitude.  Ve  have  used  weak  (3.5xl07  dynes/cm2) 
and  strong  (3.5xl08  dynes/cm2)  homogeneous  targets,  as  well 
as  differentiated  (strong  core,  weak  mantle)  mortar  targets. 
Impact  velocities  ranged  from  50  to  6000  m/s.  Projectiles 
included  pyrex,  aluminum,  steel,  weak  and  strong  cement 
mortar,  and  ice.  By  using  the  variety  of  parameters 
described  above,  we  studied  which  factors  influenced  colli- 
sional outcomes,  i.e.,  fragment  size  and  velocity  distribu- 
tions, energy  partitioning,  etc. 

A fundamental  quantity  used  to  model  collisional  out- 
comes is  the  impact  strength,  defined  as  the  collisional 
energy  density  partitioned  into  the  body  necessary  to  pro- 
duce  barely  catastrophic  shattering.  By  combining  our  data 
with  other  published  results  (1-11),  we  showed  that  impact 
strength  could  be  correlated  with  quasi- static  material 
strengths  for  most  materials  ranging  from  basalt  to  ice. 

Two  materials  which  did  not  follow  the  trend  are  weak  mortar 
and  clay  targets.  Both  materials  had  unusually  high  impact 
strengths,  and  contrary  to  what  we  would  expect  from  their 
static  compressive  strengths,  the  impact  strengths  of  strong 
and  weak  mortar  targets  were  found  to  be  nearly  identical. 

It  has  been  confirmed  (12)  that  material  strength  is  a 
function  of  the  rate  at  which  energy  is  delivered  to  the 

body,  i.e.,  the  strain  rate  £ (where  k = V/D  in  which  V is 
the  impact  velocity  and  D is  the  projectile  diameter  (13)) 
Thus,  strength  has  a static  as  well  as  a "dynamic"  rate- 
dependent  component.  The  static  component  is  what  is 
usually  laboratory- measured  as  the  "compressive"  strength 
while  the  impact  strength  determined  from  collisional 
experiments  includes  the  strain- rate  dependent  component. 
Previously,  it  has  been  assumed  that,  given  a particular 
material,  collisional  outcome  was  solely  dependent  on  the 
specific  energy.  Strain- rate  scaling  introduces  additional 
dependence  on  both  momentum  (V)  and  projectile  size  (D) . 

The  dynamic  strength  (c)  is  related  to  the  strain  rate  (f) 


1 16 


as:  a « e7.  The  exponent  7 has  been  found  to  vary  from  1/4 

- 1/3  for  most  silicates  and  ices.  The  anomalously  high 
impact  strength  of  the  weak  mortar  and  clay  targets  could  be 
explained  if  the  impact  stress  wave  is  highly  attenuated 
near  the  impact  site  due  to  the  granular  nature  of  these 
"lossy"  materials.  It  has  been  noted  (14)  that  for  porous 
materials,  also  highly  dissipative  media,  a varies  with  a 
much  higher  power  of  the  strain  rate,  i.e.,  7 a 0.65,  than 
for  silicates  and  ices.  If  we  assume  that  this  strong 
dependence  is  valid  for  weak  mortar  and  clay,  and  use  the 
relatively  weak  dependence  that  is  reported  for  the  other 
materials,  we  may  calculate  a new  strain  rate- dependent 
impact  strength.  The  result  (figure  lb)  is  a greatly 
improved  correlation  between  impact  strength  and  material 
compressive  strength.  . 

The  mass- velocity  distribution  for  fragments  following 
catastrophic  impact  is  a vital  factor  for  understanding 
asteroid  collisions.  For  large  bodies  (those  having  signi- 
ficant gravity)  how  the  ejecta  velocity  compares  to  the 
escape  velocity  governs  whether  the  object  is  disrupted  and 
the  fragments  dispersed,  or  if  the  ejecta  gravitationally 
reaccumulate  to  form  a "rubble  pile"  structure.  Since  frag- 
ment velocities  depend  on  the  incident  reflected  stress 
pulse,  which  in  turn  is  a function  of  projectile/target  type 
and  impact  velocity,  we  have  explored  how  variation  of  these 
parameters  affect  the  resultant  velocity  distributions.  In 
addition,  we  have  obtained  estimates  for  the  fraction  of 
impact  energy  partitioned  into  ejecta  kinetic  energy  (fRE) 

under  a variety  of  impact  conditions.  Previously  (4)  fRE 

had  been  found  to  be  on  the  order  of  1 /«.  Thus  far,  we  find 
two  regimes:  fRE  < 0.04  or  fR£  ~0. 11- 0.17.  Further  data 

reduction  is  necessary  to  more  definitely  isolate  connec- 
tions to  target/  projectile  types. 

Preliminary  analysis  shows  that  for  the  same  projectile 
type,  mean  fragment  speeds  are  lower  for  weak  differentiated 
targets  than  they  are  for  strong  homogeneous  targets.  It 
has  also  been  possible  to  fit  the  mass  velocity  distribu- 
tions with  a power  law;  the  slopes  determined  from  these 
fits  are  much  shallower  than  the  -2.25  slope  inferred  from 
high  speed  cratering  impacts  (15,  16).  Additional  analysis 
will  help  to  better  clarify  the  above  general  trends. 

(1)  Cintala,  M.J.  et  al.(1984).  LPSC  XV,  p.  158.  (2) 
Cintala.  M.J.  et  al.  (1985).  LPSC  XVI,  p.  129.  (3) 

Fujiwara,  A.  et  al.  (1977).  Icarus  31,  277.  (4)  Fujiwara, 

A.  et  al.  (1980).  Icarus  44,  142.  (5)  Fujiwara,  A.  and  N. 
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^Carus  56,  590.  (6)  Kawakarai,  S.  et  al. 

P^of  LP$M2th  5ififi7  ’.A'rrand  T-J'  Ahrens  (1981) . 

«7  incifia  ^q^’ii1?67'  I8)  Matsui>  T->  et  al.  (1982).  JGR 

n ’r  n h U1,vTm  et  al;  (1984)  • JGR  89,  supply 

f*?™0*  ,(^)+^agx,  Y.  et  al.  (1984).  Icarus  59.  462. 

(il)  Srarekar  et  ai.  (1985).  LPSC  16th.  795.  (12)  Grady, 

D.E.  and  M.E.  Kipp  (1980).  Int.  J.  rock  Mech.  Min.  Sci.  anH 


(1975).  JGR  80,  4062. 


Fig.  1(a).  Experi- 
mentally determined 
impact  strength  as  a 
function  of  measured 
compressive  strength. 
The  solid  line  is  the 
linear  fit  to  all  the 
data  except  clay  (5) 
and  weak  mortar. 


Fig.  1(b).  A strain 
rate  dependence  is 
included,  and  a norma- 
lized (to  basalt  (3), 
(4))  impact  strength 
is  now  shown.  The 
clay  and  weak  mortar 
points  have  undergone 
a large  shift  due  to 
their  stronger  depen- 
dence on  strain  rate 
(~0.65  power)  than  the 
other  materials  shown 
(1/3- 1/4  power) . 
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THE  WATER  REGIME  OF  ASTEROID  (l)  CERES 

F.P.  Fanale  and  J.R.  Salvail.  Planetary  Geosciences  Div.,  Univ.  of  Hawaii,  Hono- 
lulu, HI  96822. 


This  work  was  motivated  by  observations  (Lebofsky  et  al.  1981)  which  indi- 
cated that  there  may  be  a small  but  significant  amount  of  water  ice  on  the  surface 
of  Ceres.  They  estimated  that  this  film  of  frost  would  be  about  0.01  microns  thick 
if  planet-wide  and  could  not  exceed  0.3  microns.  They  concluded  that  it  would  not 
be  saturated  and  would  not  be  stable  against  sublimation,  even  near  the  poles. 
The  two  possible  explanations  for  the  frost  feature  given  were  that  (l)  water  frost  is 
stable  in  the  interlayer  position  in  clay  minerals  and  that  the  water  frost  observed 
was  "bound"  ice,  or  (2)  that  water  frost  is  replenished  from  regolith  material  by 
migration  of  the  adsorbed  water  in  clay  minerals.  Jones  et  al.  (1988)  have  also 
reported  indications  of  a thin  layer  of  water  ice  on  Ceres. 

We  have  developed  a theoretical  model  based  on  a variation  of  the  second  pos- 
tulate given  above.  Subsurface  water  ice,  derived  from  adsorbed  water,  sublimes 
and  is  transported  through  a porous  crust  to  the  surface  where  a fraction  of  the 
water  is  lost  by  thermal  and  nonthermal  escape  processes,  and  the  remainder  is 
redistributed  over  the  surface  as  frost  or  into  the  atmosphere.  Our  analytical 
model  consists  of  two  parts.  The  first  part  presents  equations  for  computing  sur- 
face and  subsurface  temperatures,  water  fluxes  and  ice  depths  for  various  latitudes 
over  the  geologic  history  of  Ceres.  Current  water  fluxes  were  integrated  over  the 
surface  of  Ceres  to  provide  a global  subsurface  water  supply  rate.  The  second  part 
presents  equations  for  computing  latitude  dependent  thermal  escape  fractions  and 
atmospheric  flight  times  for  molecules  in  ballistic  orbits.  The  nonthermal  escape 
processes,  photodissociation  and  sputtering,  were  also  considered  quantitatively. 
Using  the  global  water  supply  rate  and  globally  averaged  molecular  ballistic  flight 
times  and  thermal  escape  fractions,  an  approximate  expression  for  the  pseudo- 
steady-state mass  of  atmospheric  water  plus  surface  frost  was  derived. 

Our  results  predicted  that  the  current  water  supply  rate  from  the  subsurface 
ice  reservoir  is  between  34  and  240  g/s,  assuming  pore  radii  and  porosities  of  1 /im 
and  0.1,  and  10  ^m  and  0.5,  respectively.  For  these  same  sets  of  assumed  values, 
the  current  depth  of  subsurface  ice  at  the  equator  is  between  7 and  50  meters. 
Thermal  escape  is  shown  to  be  crucial  in  preventing  the  buildup  of  a kinetic  atmo- 
sphere. The  global  average  thermal  escape  fraction  is  near  0.37.  This  escape  frac- 
tion, operating  on  residual  water  molecules  each  time  they  reimpact  the  surface 
and  rethermalize,  insure  that  the  atmosphere  remains  ballistic,  despite  a continu- 
ous supply  of  water  from  the  regolith.  The  mass  loss  rate  due  to  sputtering  is 
about  30  g/s,  and  the  mass  loss  rate  due  to  photodissociation  is  between  1 and  7 
g/s,  The  pseudo-steady -state  mass  of  atmospheric  water  plus  "free"  surface  frost 
was  calculated  to  be  between  5 x 10  and  3 x 10  g.  It  was  also  desired  to  deter- 
mine whether  and,  if  so,  where  stable  water  ice  could  exist  on  the  surface.  Com- 
paring the  minimum  global  water  thermal  escape  rates  where  surface  ice  is  present 
down  to  a given  latitude  to  the  global  water  supply  rate,  we  concluded  that  water 
ice  at  the  average  albedo  of  Ceres  (0.09)  could  not  exist  at  latitudes  less  than  about 
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80°.  If  the  albedo  of  the  ice  were  as  high  as  0.6,  which  is  very  doubtful,  water  ice 
could  not  exist  below  about  60°  latitude.  Our  conclusions  are  shown  to  be  virtually 
unaffected  by  regolith  stirring  by  meteorite  impacts.  This  paper  is  pending  publi- 
cation in  Icarus. 

References: 
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LOSS  OF  WATER  FROM  PHOBOS 

F.P.  Fanale  and  J.R.  Salvail.  Planetary  Geosciences  Div.,  Univ.  of  Hawaii,  Hono- 
lulu, HI  96822. 


This  work  focuses  on  the  question  of  whether  Phobos  currently  contains  water 
ice  in  its  interior.  Knowledge  of  the  water  regime  of  Phobos  is  important  from  the 
point  of  view  of  space  resources,  as  well  as  being  reflective  of  the  conditions  of 
accretion  and  subsequent  evolution  of  solar  system  objects.  There  are  several  rea- 
sons for  believing  that  Phobos  once  contained  a substantial  amount  of  water  ice  in 
its  interior.  Phobos  appears  to  be  similar  to  C-class  asteroids  and  carbonaceous 
chondritic  meteorites  (Veverka  and  Burns  1980,  and  Veverka  and  Thomas  1979). 
The  link  between  C-class  asteroids  and  Cl  and  CM  carbonaceous  chondritic 
meteorites  has  been  firmly  established  (Johnson  and  Fanale  1973).  It  is  known  that 
the  Cl  meteorites  were  subjected  to  intensive  alteration  by  liquids  resulting  in  sue 
textural  features  as  veins  of  epsomite,  and  that  many  of  the  phyllosilicates  were 
secondary  and  produced  by  such  a process  (Du  Fresne  and  Anders  1962).  How- 
ever, the  canonical  view  has  been  that  some  phyllosilicates  were  primary  and  pro- 
duced by  solid-gas  interaction  in  the  pre-planetary  nebula.  In  this  scenario,  water 
would  have  been  released  from  primary  hydrous  silicates  by  the  warming  of  the 
interior  of  Ceres  or  larger  sized  objects.  It  would  have  migrated  to  the  near  surface 
where  it  would  have  caused  hydrothermal  alteration  beneath  a permafrost  cover. 
Recently,  observational  and  theoretical  studies  have  pointed  to  a somewhat  dif- 
ferent scenario.  Jones  et  al.  (1988)  have  now  measured  the  strength  of  the  funda- 
mental O-H  stretch  band  in  the  optical  surface  materials  of  many  C-class  asteroids. 
They  found  relatively  weak  correlation  between  band  depth  and  heliocentric  is- 
tance.  At  the  same  time,  geochemical  studies  of  matrix  materials  have  suggeste 
that  all  the  phyllosilicates  may  be  of  secondary  origin  (McSween  1987).  These  and 
other  observations  suggest  an  alternative  scenario  in  which  asteroids  accreted  as  a 
mixture  of  relatively  anhydrous  materials,  organics  and  a component  of  water  ice 
(Jones  et  al.  1988).  Thus,  there  are  two  possible  scenarios  for  the  existence  of  free 
water  within  Phobos.  Whether  or  not  Phobos  is  a captured  fragment  of  a much 
larger  protoasteroid,  the  weak  correlation  between  band  depth  and  size  and  the 
stronger  correlation  which  may  have  occurred  with  inverse  heliocentric  distance 
suggests  that  a major  electromagnetic  induction  heating  event  was  capable  ot 
mobilizing  significant  amounts  of  water  on  a time  scale  of  10  to  10  years,  even  in 
an  object  as  small  as  Phobos  (Herbert  1988,  Herbert  and  Sonnet  1979).  Images  of 
Phobos  show  that  it  has  sets  of  craters  with  raised  rims  aligned  along  graves, 
which  may  suggest  volatile  venting  associated  with  impart  events  (Thomas  1979). 
In  our  model  the  irregular  Phobos  was  modeled  as  an  18  km  sphere.  Temperatures 
were  calculated  throughout  Phobos  as  a prerequisite  for  obtaining  water  fluxes.  In 
doing  this  it  was  assumed  that  temperatures  reached  a steady  state  before  the  ice 
began  to  recede.  It  was  also  necessary  to  take  into  account  interior  heat  transport 
across  latitudes,  since  the  ice  could  have  receded  a significant  fraction  of  Phobos 
radius.  We  also  assumed  for  simplicity  that  the  obliquity  of  Phobos  is  zero,  lhe 
numerical  solution  of  the  two  dimensional  steady  state  problem  required  that  we 
first  obtain  the  solution  in  cartesian  coordinates;  fit  the  results  to  a suitable 
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METEORITE  SPECTROSCOPY  AND 

Michael  J.  Gaffey,  Geology  Department,  Rensselaer  roiy* 

Troy,  New  York  12181. 

The  minor  planets  are  the  surviving  th^outer  solar  system, 

solar  system,  just  as  the  cometary  ^ linlted 

The  asteroids  and  comets  by  virtue  -,  t1  These  minor  bodies  are 

potential  for  internally  driven  thermal w^tt^8™SlS^uiialter^ 
composed  either  of  primitive  materials  which  alt'red  primariiy 

samples  accreted  from  the  sola  > tem  history,  a period  dominated 

during  the  very  _ earliest  epoch  of  solar  gstem^nis^  so]_ar  gygtem. 

bv  processes  quite  different  than  t ,,  mftfpnrltes  — preserve  our 

Ss^o^op-^i^  — — 

system  during  and  just  subsequent  to  the  awretio  y PunderStanding  of 

The  purpose  of  this  research  program  is  an  improv  onships  to 

the  nature  and  history  of  these  minor  l^fts.^f  i their^: Latr on^  ^ 

the  meteorites,  and  of  the  early  p eans  Qf  sophisticated  mineralogical 

solar  system.  This  is  accomplished  by  means  ot  s^ni  rials<  It  is 

and  petrological  characterizations  of  «*er^a  si iri  ^ ^ written  in  its 
axiomatic  in  the  geosciences  that  the  h s y 1 gions  is  the  guiding 

mineralogy.  This  facies  ^S^^gJ^^.^ral’etomistry,  and 
principle  which  permits  the  detaiied  mine: ra  terre8trial,  lunar, 

Tartfanf  o°/  iSSu."  ^ 

ESSE  E SSSJJWu teroids  from 

characterizations  of  surface  mine™  are  derived  from  analysis  of 

These  surface  material  characterizations^are^deriv^^  gpectra  of 

high  precision  visible  and  near  inf: rari ad  ( telescopes  in  order  to  provide 
selected  asteroids  observed  with  o^^^S^y  history  of 
the  data  base  to  investigate  the  nat . a a members  of  the  population 

individual  objects.  Such  data .°”t1  the  broader  inter-relations  between 
provides  the  basis  for  investigating  the  bro  al  context  for  the  more 

the  asteroids  and  meteorites  (to  ©stab Jr  oidgPat  different  heliocentric 
detailed  meteorite  data)  and  between  asteroids Compositional  gradients  and 
distances  (to  establish  the  nature  +v.fir7I1ni  events).  The  sophistication 
ihe  distribution  of  post-accretionary  thermal  this  surface 

fatXls^teSsrfs  SSctly  reload  to  the  quality  and  appropriateness 

of  ^^sssgrss^  wimn  sr^f jsess 

population  will  be  targets  of  sj»cecraft  1 " “ asteroidal  mineralogic 

lifetimes  of  most  current  will  continue  to  be  a 

°f  the  Blnor 

Pla”^  recent  SStfo^tfo  Se^fihe  present  research  program  are 
THKBMAT^ HISTORY  to  a 

and  on  planetary  accretion  in  the  1“1,  . . . Vie#  exhibit  surface 

sorted  into  those  which  have  1fne'“t  , ^-eltine;  T>1000°0)  and  those  which 
assemblages  requiring  at  ^P^^.^Slies  decreases  linearly  from 
IMrllabout  UsiFtoW  at  3.5AU  (figure  1).  There  are  several  major 
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implications  for  asteroid  and  inner  solar  system  history,  including: 

J This  pattern  implies  a strongly  heliocentric  thermal  event  similar  to 
that  modeled  for  inductance  heating  during  the  T-Tauri  stage  of  solar 
evolution.  The  consequences  of  these  asteroidal  results  on  models  of  early 
solar  evolution  are  explored  in  a manuscript  submitted  to  the  "Sun  in  Time" 
conference  volume  (Herbert,  Sonett,  and  Gaffey,  1989). 

2)  It  implies  that  only  minimal  mixing  took  place  across  the  belt, 
CO!??1T+e!rt  the  conclusions  of  several  other  recent  investigations. 

it  implies  that  the  compositional  structure  of  the  belt  (ie.  the 
variation  in  the  relative  abundance  of  asteroid  types  with  semi major  axis) 
is  not  a simply  a fossil  of  the  nebular  compositional  gradient,  but  that 
the  inner  regions  of  the  asteroid  belt  have  been  strongly  modified  by  post- 
accretionary heating.  J F 

4)  It  implies  that  all  the  planetesimals  formed  inward  of  the  asteroid 
belt  should  have  undergone  similar  early,  intense  heating.  Unless  other 
evidence  reiaxes  these  requirements,  models  of  terrestrial  planet  accretion 
which  take  more  than  afew  million  years  to  assemble  these  planets  should 
assume  that  the  accreting  planetesimal  population  is  predominantly  composed 
of  hot,  igneously  evolved  bodies.  These  results  have  been  outlined  in  a 
manuscript  submitted  to  the  proceedings  volume  for  the  "Origin  of  the 
Earth"  conference  (Gaffey,  1989). 

ANALYSIS  OF  CCD  SPECTRA  OF  LOW  ALBEDO  OUTER  BELT  AND  TROJAN  ASTEROIDS  - A 
joint  analysis  of  the  CCD  spectra  of  low  albedo  asteroids  (“types  CT  F,  P, 

D,  and  T)  and  those  at  greater  heliocentric  distances  has  begun  using  the 
observational  data  of  Dr.  F.  Vilas  (NASA-JSC).  In  their  raw  form,  molt  of 
these  spectra  exhibit  a range  of  slopes  but  otherwise  appear  to  be 
featureless.  Careful  examination  of  these  spectra,  however,  suggested  the 
presence  of  subtle  features  which  were  largely  obscured  by  the  channel  to 
channel  scatter  in  these  high  resolution  spectra* 

T ,Jh^3e  sPectra  were  transferred  to  RPI  for  additional  processing, 
nitial  analysis  steps  included  smoothing  the  data  to  suppress  channel-to- 
channel  noise  and  the  removal  of  the  net  slope  by  dividing  out  a linear 
continuum.  In  the  continuum-removed  spectra  (figure  2),  these  nominally 
featureless  asteroid  types  exhibit  a wide  variety  of  weak  but  well-defined 
absorption  features,  with  a significant  range  in  both  intensity  and 
wavelength  position.  We  have  eliminated  the  standard  stars  and  atmospheric 
extinction  as  potential  sources  of  these  features  and  have  strong 
confidence  in  their  reality  in  the  asteroidal  spectra  themselves* 

Some  of  these  features  are  interpretable  in  terms  of  known  meteorite 
types  and/or  minerals.  Figure  3 shows  the  close  match  between  the  smoothed, 
continuum-removed  spectrum  of  asteroid  1467  Mashona  [a  GC-type  in  the 
Cybele  group  located  at  3.4AU  just  outside  the  main  belt]  and  similar  (300A 
smooth,  continuum-removed)  spectra  of  Meghei  and  Nogoya.  CM2  meteorites 
which  underwent  significant  aqueous  alteration  within  their  parent  bodies 
(e.g.  McSween,  1987,  Geochim.  Cosmochim.  Acta  51,  2469-2477).  Considering 
the  range  of  spectral  variation  in  the  dark  asteroids  and  in  the  CI-CM 
meteorites,  it.  is  probable  that  the  surface  material  of  1467  Mashona  was 
a a similar  fashion,  to  a material  with  an  Fe— bearing  serpentine 

such  as  antigorite  as  a major  phase. 

Some  asteroid  types  (e.g.  type  T)  and  dynamical  groups  (e.g.  the  Trojan 
objects)  generally  appear  to  be  genuinely  featureless  at  our  level  of 
detection  (approximately  1%  intensity).  The  overall  pattern  of  features  is 
?i°Q«oSt?nt  With  t^eJ^®c®nt  suggestion  by  Jones,  Lebofsky,  Lewis  and  Marley 
' 9 9>  Icarus f submitted)  that  the  Trojan  asteroids  have  not  undergone 
aqueous  alteration  and  contain  anhydrous  silicates  and  that  heating  was 
insufficient  to  melt  water  ice  in  these  bodies.  These  results  are  included 
in  a manuscript  submitted  to  Science  (Vilas  and  Gaffey,  1989). 
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Figure  1 (left):  A)  The  relative  proportions  of  igneous  bodies  (types  A,E, 
— M.S.O)  among  423  classified  asteroids  as  a function  of  semimajor  axis 
in  eleven  dynamical  zones.  B)  Histogram  of  asteroid  density  versus 
semimaior  axis  for  asteroid  #'s  1-2016  in  0.02AU  bins.  „ - 

Figure  2 (top,  right):  The  continuum-removed,  300A  smoothed  spectra  of  four 
low  albedo  asteroid  with  different  spectral  features.  Asteroids  570  and 
1467  are  in  the  Cybele-group,  368  is  in  the  outer  main  belt,  and  o//  is 
in  the  inner  main  belt.  [Spectra  offset  0.04  for  clarity. J 
Figure  3 (bottom,  right):  Smoothed,  continuum-removed  spectrum  of  asteroid 
?467  "Mashona  compared  to  that  of  the  CM2-meteorites,  Meghei  and  Nogoya 

[offset  -/+0.03,  respectively]. 

REFERENCES 

Gaffey,  M.J.  (1989)  Thermal  history  of  the  asteroid  belt:  Implications  for 
accretion  of  the  terrestrial  planets.  "Origin  of  the  Earth'  proceedings 

volume,  submitted*  , . _ . , 

Herbert,  F.,  C.P.  Sonett,  and  M.J.  Gaffey  (1989)  Protoplanetary  thermal 
metamorphism:  The  protosolar  wind  electromagnetic  induction  hypothesis. 
"Sun  in  Time"  proceedings  volume,  submitted.  . 

Vilas,  F.,  and  M.J.  Gaffey  (1989)  Identification  of  phyllosilicate 
absorption  features  in  main-belt  and  outer-belt  asteroid  reflectance 
spectra.  Science,  submitted. 


125 


THE  CV/CO  CHONDRITES:  DISCOVERY  OF  ASTEROID AL  ANALOGS. 


Jeffrey  F.  Bell  (Hawaii  Institute  of  Geophysics,  2525  Correa  Road,  Honolulu  HI  96822) 


"Carbonaceous  chondrites'  as  a class  have  been  traditionally  associated  with  the  Class  C asteroids. 
In  fact  this  association  only  applies  to  the  Cl  and  CM  chondrites.  The  asteroidal  affiliations  of  the  anhy- 
drous CV  and  CO  chondrites  have  been  much  more  mysterious.  They  have  moderate  albedos  and  shal- 
low olivine/pyroxene  bands,  inconsistent  with  the  low  albedos  and  flat  IR  spectra  of  the  traditional  C- 
type  asteroids.  Some  workers  have  associated  CV/CO  mineralogies  with  atypical  C-type  objects,  while 
others  have  selected  certain  S-type  asteroids  as  the  most  likely  candidates  (e.  g.  Gaffey  and  McCord, 
Space  Sci.  Rev.  21,  555.)  on  the  basis  on  visible-wavelength  telescopic  spectra 

This  long-standing  mystery  has  been  unexpectedly  clarified  by  results  from  a spectral  survey  of 
asteroid  families  being  conducted  at  the  NASA  Infrared  Telescope  Facility  at  Mauna  Kea.  "Families"  are 
groups  of  asteroids  on  similar  orbits  which  are  presumed  to  be  fragments  of  a common  parent  body  dis- 
rupted by  a collision  in  geologically  recent  time.  The  Eos  family  has  traditionally  posed  a difficult  prob- 
lem for  asteroid  classification  schemes.  Gradie  and  Zellner  ( Science  197,  254-255)  found  that  the  UBV 
colors  of  the  Eos  family  asteroids  clustered  tightly  on  the  boundary  beween  the  S and  C fields,  and  that 
their  radiometric  albedos  were  also  intermediate  to  these  two  classes.  This  led  to  the  apparently  con- 
tradictory situation  in  which  the  Eos  family  was  thought  to  be  homogenous  in  composition,  while  the 
individual  objects  were  classed  as  C,  S,  or  U based  on  very  small  variations  in  color  and  albedo.  The 
classification  scheme  of  Tholen  (Ph.D.  thesis,  1984)  eliminated  this  discrepancy  by  putting  almost  all  Eos 
family  objects  into  an  enlarged  S class. 

The  new  IR  spectral  observations  have  revealed  that  Eos  family  asteroids  221  Eos,  653  Berenike, 
and  661  Cloelia  exhibit  flat  IR  reflectance  curves  with  very  shallow  silicate  absorption  bands.  These 
spectra  are  totally  atypical  of  other  S-type  asteroids,  and  more  closely  resemble  classical  C-type  spectra. 
The  visual  and  IR  data  as  a whole  suggest  that  the  Eos  family  parent  body  was  not  a true  member  of 
either  the  C or  S class.  (The  picture  is  complicated  somewhat  by  639  Latona,  which  has  a spectrum  and 
albedo  very  close  to  the  average  for  "normal"  S asteroids,  and  consequently  does  not  match  the  rest  of 
the  family.  This  object  appears  to  be  an  'interloper'  or  'background  object'  which  existed  before  the 
Eos  parent  body  was  disrupted.) 

Comparison  of  the  spectral  and  albedo  data  for  "normal"  Eos  family  asteroids  with  the  available 
meterorite  spectra  reveals  a close  similarity  with  CV  and  CO  chondrites.  Other  meteorites  with  similar 
intermediate  albedos  such  as  ureilites  and  "black  chondrites"  (highly  shocked  ordinary  chondrites) 
appear  much  less  likely  candidates  from  both  spectral  and  petrologic  grounds.  It  seems  probable  that 
either  CVs  or  COs  (but  not  both)  are  actually  derived  from  the  Eos  family.  (This  family  is  believed  to 
be  the  source  of  the  dust  responsible  for  the  bright  bands  in  the  thermal  component  of  the  zodaiacal 
light  which  were  detected  by  the  IRAS  satellite.)  If  we  accept  both  this  compositional  interpretation 
and  the  Tholen  classifications,  a new  paradox  exists:  the  most  common  classes  of  carbonaceous  chon- 
drites are  derived  from  Class  S asteroids,  instead  of  the  Class  C asteroids  usually  associated  with  dark 
meterorites.  To  simplify  terminology  and  properly  recognise  the  unique  properties  of  the  Eos  family 
asteroids,  a new  asteroid  class  K is  proposed  to  incorporate  them.  This  nomenclature  phonetically 
suggests  their  apparent  identity  with  carbonaceous  chondrites,  while  reminding  us  that  their  telescopi- 
cally observed  parameters  are  intermediate  to  the  classical  C and  S classes  (since  K is  halfway  between  C 
and  S in  the  alphabet).  This  class  is  provisionally  defined  as  objects  with  albedos  near  0.09,  S-like  spec- 
tral curvature  at  visual  wavelengths,  weak  1-micron  absorption  bands,  and  flat  reflectance  from  1.1  to  2.5 
microns.  Although  the  known  asteroids  of  this  class  to  date  are  Eos  family  members,  the  existence  of 
both  CV  and  CO  chondrites  indicates  that  some  other  asteroids  currently  classed  as  S-types  on  the  basis 
of  visible  spectra  will  turn  out  to  be  K-types  as  near-IR  observations  are  extended  to  fainter  objects. 
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THE  H-G  ASTEROID  MAGNITUDE  SYSTEM:  MEAN  SLOPE  PARAMETERS 

A.  U . Harris,  Jet  Propulsion  Laboratory,  Caltech 

The  H-G  magnitude  system  (1)  was  developed  for  the  purpose  of 
the  magnitude  of  an  asteroid  as  a function  of  solar  phase  ang  e,  u 
be  used  for  physical  studies,  by  providing  a basis  for  in  erpo  a ' 9 
extrapolating  brightnesses  from  the  phase  angles  observed  a one  appar!  . 
the  phase  angles  observed  at  another  apparition,  thus  a owing  one  Th- 

the  intrinsic  difference  in  brightness  from  one  apparition  to  another, 
is  usually  necessary  for  studies  of  asteroid  shapes  and  pole  Portions.  n 
order  to  do  this,  it  is  necessary  that  the  phase  relat .on  model  accurately 
represents  the  behaviour  of  real  asteroids,  and  to  be  able  to  makethe  bes 
possible  a priori  estimate  of  the  slope  parameter,  G,  for  an  asteroid  whe 
?he  available  data  is  insufficient  to  determine  it  well  from  observations 
The  first  of  these  issues  has  been  addressed  in  several  of  our  recent 
pub  I i cat tons  (2.3,41;  we  find  that  the  qua, ity  of  the  fit  >s  generally 
satisfactory  except  for  the  highest  and  lowest  albedo  objects.  Here  w 
address  the^econd  matter,  establishing  nominal  values  of  the  slope  parameter 
for  various  taxonomic  classes  of  asteroids. 

Ue  have  performed  least  squares  fits  of  the  H-G  function,  ’nthe  manner 

described  in  (1)  to  magnitude  data  for  84  asteroids.  Ue  have  used  only  data 

spanning  a subst ant ial  phase  angle  range,  from  a single  apparition  and 
corrected  for  lightcurve  variation,  so  that  the  derived  values  of  G are 
reliable  to  less  than  0.1,  and  typically  much  less.  Table  I summarizes 
data  set  of  84  asteroids,  I ist ing  asteroid  number,  taxonomic  class  , 

albedo  (6),  the  solution  values  of  G and  the  formal  uncertainty  in  G,  and 

finally  the  reference(s)  to  the  data  on  which  the  solution  was  based  Ue 

identify  the  references  by  the  numbers  used  in  the  Agter9*flS  11  ”gl]^u 
database  (7).  References  not  included  there  are  given  as  A,  B,  etc.,  and  are 
given  in  the  references  at  the  end  of  this  paper.  An  asterisk  following 
asteroid  number  indicates  that  the  phase  curve  is  referenced  to  maximum  light, 
otherwise  the  fit  is  to  the  mean  light  level.  The  differences  are  generally 
small  and  insignificant  for  our  purposes.  Table  II  summarizes  the  resu 
the  determination  of  mean  values  of  G for  groups  of  taxonomic  classes  o . 

medium,  and  high  albedo  asteroids.  Ue  list  the  mean  albedo  and  mean  G value 
for  each  group,  along  with  the  bias  corrected  dispersion  of  the  values  within 
each  group  Hhe  RhSdeviat ion  from  the^an!.  The  error  bars  are  gua<  the 
bias  corrected  dispersions  divided  by  N,/d.  The  mean  values  of  G are,  for 
each  of  the  four  classes,  not  far  from  the  values  recommended  I AU 

Commission  20  for  predicting  magnitudes  of  objects  when  G is  not  meas  . 

0.15,  0.25,  0.25,  and  0.40,  respectively.  °^r  ^alU  transit 

larger  than  those  found  in  a similar  study  using  Carlsberg  Mer 
observations  (8,9);  we  have  no  explanation  for  the  discrepancy. 

Another  point  which  should  be  noted  is  that  the  dispersions  in  both 
albedo  and  G a?e  much  greater  than  the  measurement  errors.  Thus  the  variation 
among  members  of  the  respective  classes  is  real.  Ue  have  done  a I 

regression  of  G vs  albedo,  to  see  if  albedo  is  a better  p ' °ff-t  ^th 

simply  taxonomic  class.  The  dispersion  of  G values  from  the  1 inea 

albedo  is  0.096;  for  a linear  fit  to  log(albedo),  it  is  0.097.  .{hus’a  £ Jo 
is.  if  anything,  a slightly  poorer  predictor  of  G value.  The JJ"  ° 

be  an  accurate  predictor  of  albedo  and  vice  versa  is  not  a failing  of  the 

photometric  system;  other  surface  properties,  such  as  roug  ness, 
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influence  the  slope  of  the  phase  curve,  so  the  dispersion  of  G values  simply 
indicates  that  not  al I asteroid  surfaces  of  a given  albedo  are  al ike. 

This  work  is  supported  at  JPL,  Caltech,  under  contract  with  NASA,  under 
the  Planetary  Astronomy  and  Planetary  Geo logy/Geophysics  programs. 
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Table  1.  Uell  determined  slope  parameters  for  W Asteroids. 


1 

G 

0.10 

0.102 

0.009 

249 

75 

n 

0.12  0.23 

0.02 

6 

230 

S 

0.14  0.275 

0.003 

B 

2 

B 

0.14 

0.098 

0.010 

220 

77 

ru 

0.13  0.16 

0.01 

B 

233* 

T 

0.073  0.14 

0.04 

93 

3 

S 

0.22 

0.32 

0.03 

221  .A 

78 

c 

0.064  0.080 

0.009 

8 

236 

5 

0.10  -0.020 

0.014 

B 

4 

V 

0.38 

0.349 

0.003 

76 

79 

s 

0.27  0.027 

0.014 

178 

258 

5 

0.15  0.23 

0.02 

B 

6* 

s 

0.25 

0.28 

0.01 

79 

82* 

s 

0.17  0.29 

0.02 

95 

261 

B 

0.10  0.19 

0.03 

A 

B 

s 

0.22 

0.33 

0.02 

264 

S3" 

cu 

0.085  0.09 

0.02 

0 

284 

CX 

O.Offi  0.12 

0.11 

B 

12 

s 

0.16 

0.22 

0.02 

252 

101 

s 

0.15  0.32 

0.01 

B 

287* 

s 

0.16  0.24 

0.08 

93 

15 

s 

0.19 

0.15 

0.04 

176 

103* 

5 

0.17  0.19 

0.03 

93 

304* 

c 

0.047  0.08 

0.02 

92 

16» 

n 

0.10 

0.261 

0.009 

130*250 

109 

GC 

0.060  0.035 

0.008 

B 

308* 

T 

0.043  0.21 

0.03 

93 

20 

s 

0.19 

0.25 

0.02 

74 

110 

fl 

0.17  0.196 

0.009 

235 

324* 

CP 

0.057  0.09 

0.02 

186 

22* 

n 

0.12 

0.22 

0.01 

182 

113* 

5 

0.27  0.35 

0.01 

S3 

345 

c 

0.056  0.21 

0.10 

B 

24 

c 

0.18 

0.02 

A 

115* 

5 

0.25  0.12 

0.03 

187 

349 

R 

0.34  0.38 

0.02 

274 

29 

s 

0.16 

0.20 

0.01 

131,248 

124* 

5 

0.15  0.20 

0.01 

93 

354 

S 

0.19  0.35 

0.04 

274 

33 

5 

0.34 

0.02 

B 

129 

fl 

0.17  0.32 

0.06 

180 

386 

c 

0.063  0.10 

0.02 

B 

37 

S 

0.17 

0.273 

0.007 

6 
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SR 

0.21  0.13 

0.02 

96, B 

388 

c 

0.(53  0.07 

0.10 

B 

4) 

c 

0.073-0.12 

0.04 

180 

134 

C 

0.041  0.28 

0.02 

B 

410* 

c 

0.054  0.01 

0.03 

93 

43 

5 

0.28  -0.01 

0.03 

24 

144 

C 

0.059  0.17 

0.04 

B 

t 419 

F 

0.044  0.01 

0.06 

B 

44 

E 

0.49 

0.51 

0.01 

93,  C 

146 

c 

0.052  0.19 

0.03 

B 

1 433* 

S 

0.23  0.34 

0.02 

66,178, 

45* 

PC 

0.048  0.04 

0.03 

E 

156 

c 

0.040-0.12 

0.08 

B 

! 444* 

C 

0.044  0.11 

0.02 

95\244 

46* 

P 

0.046  0.06 

0.03 

187 

161 

fl 

0.12  0.13 

0.02 

B 

l 451* 

CU 

0.073  0.05 

0.03 

93 

51* 

cu 

0.086  0.150 

0.009 

D 

163 

c 

0.047-0.04 

o.ot 

B 

! 497* 

fl 

0.085  0.18 

0.01 

93 

52* 

CF 

0.057  0.18 

0.04 

279 

192 

s 

0.21  0.219 

0.009 

178 

1 505* 

FC 

- -0.034 

0.025 

272 

60 

5 

0.15 

0.259 

0.006 

A 

201 

fl 

0.14  0.!7 

0.02 

R 

t 511* 

C 

0.053  0.03 

0.02 

2B4 

63 

S 

0.17 

0.23 

0.D2 

181 

211 

c 

0.059  0.12 

0.04 

B 

593 

C 

0.053  0.06 

0.02 

B 

64 

E 

_ 

0.51 

0.01 

C 

214* 

E 

0.40  0.45 

0.02 

93 

704 

F 

0.064-0.02 

0.01 

253 

69* 

fl 

0.12 

0.21 

0.02 

171 

216 

fl 

0.088  0.28 

0.03 

8 

712 

C 

0.046  0.03 

0.01 

B 

70 

C 

0.070  0.13 

0.10 

B 

218 

s 

0.15  0.319 

0.008 

B 

804* 

PC 

0.049  0.10 

0.02 

93 

71 

5 

0.28 

0.40 

0.14 

B 

221* 

s 

0.12  0.15 

0.03 

93 

960 

su 

0.17  0.063 

0.003 

B 

Table  III. 


Mean  slope  parameters 


for  various  taxonomic  classes. 


Number 

Asteroid  Classes  in  Sample 

C.  G,  B,  F,  P,  T,  D 37 
M I 1 

S,  Q 31 

E,  V,  R 5 


B i as-corrected 
Mean  Albedo  Dispersion 

0.058  +0.004  0.024 
0. 124  +0.009  0.028 
0. 184  +0.011  0.059 
0.403  +0.032  0.064 


B i as-corrected 
Hean  G Pi soersion 

0.086  +0.015  0.088 
0.214  +0.017  0.057 
0.227  +0.020  0.109 
0.440  +0.033  0.074 


128 


Application  of  K.  Lu,a 

^.rri'n^rA1.  *:;U  ^ D.  0oa,n5ue  «u. 

and  J.  Pe 1 ton i em i (U.  Helsinki) 

The  wav  an  asteroid  or  other  atmosphere 1 ess  solar  system  body 

Srrh^r~ernr ifH ?!  r 

nf  recent  photometric  models  by  Hapke  a y , 

Bowell.  In  both  models,  the  brightness  of  a roug  nrnperties 
^000  is  parameter  i ted  in  terms  of  the  optical  proper  ties 

of  individual  particles,  by  shadowing  between  ^ of 

by  the  way  in  which  light  is  scattered  among  collect  on 
□ articles.  Both  models  succeed  in  their  goal  of 

observed  photometric  behavior  of  a wide  varie  Y Qf  th(L 

but  neither  has  led  to  a very  complete  under. standing  of  the 

properties  of  asteroid  reQoiiths,  P”«;‘1^dV1V “Tanloot  be 

adequately  by’  "ob  serial  ns  of  integral  brightness 

alone  over  a restricted  range  of  phase  angles. 
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Curves9  The°retlcal  Photometric  Functions  to  Asteroid  Phase 
D.  Domingue  and  B.  Hapke,  University  of  Pittsburgh 

Iucces?funvCafitPh0th  ^ metric  function  developed  by  Hapke  can 
ccessfully  fit  photometric  phase  data  of  asteroids 
However^  a question  of  major  importance  is  the  uniqueness of 

parameters  of  15  dlSCU5slon  explores  how  variations  in  the 
l , thlS  functlon  affect  the  shape  of  the 

eoreticai  curve  . The  observational  data  for  main  belt 

asteroids  are  often  limited  to  angles  less  than  25" , and 

S:™rth^MVt0lZ-r0  Pha5e  Can  be  difflcult  to  obtain. 

. oretical  curves  to  data  within  these  limits  is 

not  unique.  Unless  there  are  observations  at  less  than  about 

nnno=-V  ^possible  to  establish  the  extent  of  the 

opposition  effect  . Between  the  phase  angles  of  2<=  and  25-, 

the  YYYYe-nar  .e  f®Ct  Parameters,  the  roughness  parameter  and 
effects  on  thn  PhaS*  function  parameter  have  similar 
dlff  cult  tn  Y6  °f  the  photometr  ic  curve  and  are 

Absoluklt  1 i separate  using  only  disk-integrated  data  . 
Absolute  photometric  data  can  somewhat  constrain  the 

albed°  • At  P-sent,  the  uniqueness  o? 
curve  oL=rOPY  ie5  °f  asteroid  surfaces  deduced  from  phase 
questionable  °nS  3 limited  ra"9e  °f  P^se  angles  is 
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ASTEROID  LIGHTCURVE  INVERSION 

Steven  J.  Ostro,  Jet  Propulsion  Laboratory 
California  Institute  of  Technology,  Pasadena, 


CA  91109 


This  research  focuses  on  a new  approach,  called  "convex-profile 
inversion,"  or  CPI,  to  the  interpretation  of  asteroid  lightcurves . 

Originally  developed  by  Ostro  and  Connelly  <158,4> ' ' ^^“SaeH 

about  -asteroid's  3b,pe 

^sspsss^:i^^ 

constraints  on  shape  that  exploit  all  the  available  rnf ormatron . 
to  yjrroo-  ?sscr 

conditions^ ^hich^nclude^quatorial  ^^^^^g^^a^pightcurvesf  soothe 

25^ :4^'^rSS  LS  “.J-te^ti.  error  Hence,  one  ,o.l  of 

another  has  been  to  apply  the  inversion  technique  to  real  astero 
lightcurves . 

The  power  of  CPI  lies  not  just  in  the  calculation  of  profiles  from 
lightcurves,  but  also  in  the  precise  definition  of  what 

is  available  a i i^ht curve  *nd  of  the  circumstances  that  let  us  acceas 

i:r?:^t-rin  SS  iron. . 

light curve  are  intrinsically  less  informative  than,  say,  a Stella 

SS££g^r.% 

is  railed  the  mean  cross  section,  £,  ana  is  aeinwsu.  ao 

to  the  average  of  the  convex  envelopes  on  all  surface  contours  parallel 
the  asteroid's  equatorial  plane. 

ssrs,s,r:f:;;;:s:Ts 

odd  harmonics. 
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The  following  ideal  conditions  pertain  to  estimation  of  £ from  a 
lightcurve: 

Condition  GEO:  The  scattering  is  uniform  and  geometric 

Condition  EVIG:  The  viewing/illumination  geometry  is  equatorial,  i e 

r , « , ^he  Sun  and  the  Earth  are  in  the  asteroid's  equatorial  plane, 
ondition  CONVEX:  All  surface  contours  parallel  to  the  equatorial  plane 
are  convex.  ^ 

Condition  PHASE:  The  solar  phase  angle  $ does  not  equal  0°  or  180°. 

. Although  we  cannot  estimate  £ from  an  opposition  lightcurve,  we  can 
estimate  £ s even  harmonics  and  hence  its  symmetrization,  £s . Estimation 
of  £s  from  opposition  lightcurves  is  less  "burdened"  by  ideal  conditions 

F^/VStim?ti0n-0f  C fr°m  non-°PP°sition  lightcurves,  for  three  reasons. 

for  estimation  of  £,  Condition  CONVEX  ensures  the  absence  of  visible 
shadows  between  the  limb  and  the  terminator,  which  might  distort 
determination  of  £.  However,  at  opposition,  there  are  no  visible  shadows 
so  Condition  CONVEX  is  irrelevant  and  £s  can  be  estimated  reliably  as  long 
as  Conditions  GEO  and  EVIG  are  satisfied.  Second,  Conditions  GEO  and  EVIG 
are  satisfied  more  easily"  for  opposition  lightcurves  than  for  non- 
opposition  lightcurves.  The  geometric  scattering  approximation  is  more 

be  satisfied0^^011  S°lar  phaSe  angles  ■ Condition  EVIG  can 

the  Earti^  astero^dT  P an9les  ^ the  pole  lies  nearly  normal  to 

when  hH  13  satisfied  at  any  opposition  occurring 

Ear^h-^  13  an  equinox'  with  the  pole  normal  to  the 

arth  asteroid  line.  Hence,  geometry  dictates  that  opportunities  to 

estimate  £s  far  outnumber  opportunities  to  estimate  £.  Third,  to  assess 
how  close  the  viewing/illumination  geometry  is  to  equatorial  for  a qiven 
non-opposition  lightcurve,  one  must  know  the  asteroid's  cole 

asteroid 's'Sne T"™  * SUfficlent  to  J»»t  t^oS  of  the 

asteroid  s line of  equinoxes . 

In  describing  or  comparing  any  two  profiles  and  £2,  it  is  useful 
to  define  a measure  of  the  distance  between  them  as 


il 


10 


mm 

e 


dl/d10  _ ®d2/d20 


where  dj  is  the  vector  of  complex  Fourier  coefficients  in  the  expansion  of 
Ej  s radius -of -curvature  function;  dj0  is  the  constant  term  in  that 
expansion;  and  the  diagonal  matrix  ©rotates  d2n  by  e1^.  This  distance 
measure  is  rotation-invariant  and  scale-invariant.  A profile's 
noncircularity  £2C  is  defined  as  its  distance  from  a circle.  It  is  also 

dff the  bxeadth  ratio,  p*,  of  the  maximum  and  minimum  values  of 
the  profile  s breadth  function  p(0),  where  0 is  rotational  phase.  £ and  £ 

GEO6  funCtions-  At  opposition,  under  Conditions  EVIG  and 

GEO,  (i)  the  lightcurve  is  equal  to  £'s  breadth  function,  and 

(11)  J 10  ' WhSre  ^ is  the  iightcurve  peak-to  valley  amplitude  in 

^ »h.r>  Am  hn  a vnisL 
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The  figure  shows  results  of  using  CPI  to  estimate  £s  for  He  t , 

and  both  C (solid  curve)  and  £s  (dotted  curve)  for  44  Nysa  and  1685  To  . 
in  the  lightcurve  plots,  the  large  symbols  are  the  data  and  the  do 

1987),  and  Toro  (Dunlap  et  al.  1973). 


HEKTOR 
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DiFMartino,  M.,  V.  Zappal^  , G.  de  Sanctis,  and  C.  Cacciatori  1987. 
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CHAPTER  4 


COSMOGONY  AND  DYNAMICS 


PRECEDING  FACE  BLANK  NOT  FILMED 


INIIWKJNALU  blANh 


THE  ROLE  OF  INTERSTELLAR  INHERITANCE  IN  SOLAR  SYSTEM 
DaviaTstelwon,  Caltech,  Pasadena,  CA  91125. 


Thp  atoms  and  molecules  in  our  solar  system  came  from  the  interstellar  medium 
and  suffered  an  uncertain  amount 

WMmWmiS 

solar  system  and  planetary  origin. 

Chemical  Heterogeneity  and  Imperfect  Mixing  in  the  Solar  Nebula 

£ r t lr  fcled ,f i cometar,  speciation  -eptposs.y 

speciation  of  the  disk  may  have  been  primarily  that  of  the  solar  ne  ■ - 

NTl^^m^gid' have^cu^ed^m^  tim8e^ circumstance^^hc  forinal^ni  develjured  here  may 

grains.  few  ways  jn  which  this  “standard”  model  could  be  violated.  One 

accretion  shock  processing  is  important. 


PRECEDING  PAGE  BLANK  NOT  FILMED 


M6I  INTENTION  ALLY  BLANK 
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The  Nature  of  the  Accretion  Shock 


A®  ***  flows  in  from  interstellar  space,  an  accretion  shock  forms  high  above  the 
disk  midplane.  It  is  conventional  (e.g.,  Cassen  et  al.,  1985]  to  treat  the  shock  energy 
boundary  condition  by  balancing  incoming  kinetic  energy  flux  with  outgoing  radiative 


\pu3  ~oT* 


l, 


C 7k  lnfa  denS1fty’  u = infalJ  ^locity’  T*  = postshock  temperature),  at  least 
or  the  simple  case  of  no  viscous  dissipation.  In  fact,  the  temperature  just  below 

the  shock  front  is  very  high,  of  order  u2/2C„  (C„  = specific  heat,  including  effects  of 

si?,?™  Wn  and  loni.za^on)-  Thls  ls  several  thousand  degrees,  even  at  10  AU  (orbit  of 
Saturn).  Implicitly,  it  has  been  assumed  in  the  past  that  this  hot  layer  is  so  thin  that 
it  does  not  matter  (i.e.,  gas  and  dust  pass  through  too  fast).  In  fact,  this  is  an  invalid 
assumption,  because  the  dust  is  the  main  opacity  source,  yet  it  is  not  very  hot  (If  it 

1C6’  V068  ^0t  hCr 1 slgTnificant,y  above  ~200  K.)  The  very  low  emissivity  of 
e gas  prevents  rapid  cooling.  It  can  take  days  or  months  in  the  comoving  frame  for 

gas  to  cool  down  to  - T„  from  its  peak  temperature.  During  this  period,  cold  dust 

Th^mavT  bat£ed  •“  f h<>t  radiatlon  bath  and  subjected  to  collisions  by  hot  atoms, 
is  may  have  chemical  consequences,  e.g.,  by  low  energy  sputtering. 


Drag  Heating  of  Dust  Passing  through  the  Accretion  Shock 

Past  estimates  of  the  temperature  reached  by  dust  as  it  passes  through  the 
accretion  shock  (Wood,  1984)  have  omitted  the  fact  that  small  particles  have  very 
low  ermssivity  (because  radius  < IR  wavelength).  As  a result,  these  particles  can  be 
much  hotter  than  previously  suspected.  This  work,  carried  out  by  graduate  student 
Joel  Schwartz,  indicates  (as  an  example)  that  dust  radiation  temperatures  -500  K 
are  possible  for  submicron  particles  at  10  AU  (orbit  of  Saturn).  This  may  destroy 

gmi^prioTto^ ^ a«retiomS  ^ m°leCular  aggregates  that  developed  within  interstellar 
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sof .the ^ 

terrestrial  planets  assumed  initial  states  Dasea  characterized 

formation  of  Safronov  (1)  and  Nakagava  et  „odies  „f  „early 

oy  a marching  rone  ot.laneni  bodies  (lj4>5).  It  nou 

jq  ^=0,  followed  by  a power  formation  involved  runaway 

rro"  h t fo™  a^ma?Lr^ber  of  larger  embryos  (6).  The  principal  cause 

report^)  In  the  present  worh  42  - ^latio^  ? ^^ith  3g 
planets  from  151  runaway  embryos  have  beencaiculateo  * density 

"orderly  growth"  slmulatlons  reported  earl  e^  An^nltial^sur^  ^ 

of  20  g/cm2  between  0.7  and  1.1  A. U.  is  assum  ...  . „ auavs  were 

Inside  and  outside  this  range  - ^-ribe  prev  ousl  . W - « 

assumed  to  be  limited  to  a BPaf"8°f4  Hill  sphere  r ^ lr<m 

mass  of  the  initia  suann  eons  s xhe  smallest  bodies 

6.4  X 1026  g at  1.1  A.D.  50  1.7  X 10  ^at  O f ^ Q_45  A_„  Thls  dls. 

-“nfp^tf^^tS’trLaway 

growth*  "'TH^ooTooTation^were^grouped^into  sets^corresponding  to  different 
SSSiS ion!8^1  Stf:ffSSi^o f°^:1r“th8L  . function  of 
semi-major  axis. ^ are  similar  to  those  found  for  overly  non-runaway 

growth.  ^ln  601  of  the  calculation.  2 ji-^planets  >1.5^  lO^g  wer^ 

SrSs:  sr 

the  body  with  the  er,  heli°^“fCM^tIstrophic"  events  are  tabulated 

"Earth".  For  that  body  the  number  of  catastrop 

below: 


Event 

Mercury  ^ impact  mass  ^ Mars 
Mars  < impact  mass  < 2 X Mars 
2 X Mars  < impact  mass 

Impact  energy  > 1/2  gravitational  binding 
Impact  energy  > gravitational  binding 
Rotational  instability 
Within  50/E  of  rotational  instability 


Average  No. /Simulation 


3.0 
1.2 
0.8 
0.2 

0 

0.04 

2.1 


Typically.  "Earth"  was  totally  melted  by  the  time  it  grew  to  v60J  of 
its  final  radius,  requiring  a time  <10  years. 
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ssssrs*  «n  01 

the  8rowth  °£  the 

VUe^  "r^Mro£Pl”i“na^Iss.In 

Wetherill,  G.  W. , Accumulation  of  the  terrestrial  nia 

tions  concerning  lunar  origin  1986  Orioi  1 f 1 pl*nets  and  implica- 

%?^n\rT’\r G J <w- K- Ha"- 

f -u  ;iL";;Cid.stT5;eG;,Ri^8-  Acci"ul Latl°-  °f  * 

154-171°'  Gra''“atl»-1  *-«*  theory 
velocities!  I^TtlS^M.6’  1988'  EVOlutlon  °f  Planetesimel 
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PLANETESIMAL  ACCRETION 

Dominique  Spaute,  Planetary  Science  Institute 

Ve  developed  a numerical  simulation  based  on  a Monte- Carlo 
statistical  method  permitting  the  study  of  the  dynamical  and 
collisional  evolution  of  a 1010  particle  swarm  assuming  a low 
mass  density  of  .1  H0  in  the  primitive  solar  nebula.  More 

details  of  this  model  can  be  found  in  Spaute  et  al.  (1988, 
COSPAR).  This  simulation  allows  us  to  follow  the  distribution 
of  the  particles  as  a function  of  their  size  and  their 
heliocentric  distance  to  the  primary.  The  velocity  distribution 
can  be  studied  on  a less  accurate  but  nonetheless  valuable 
level. 

Vetherill  and  Stewart  (1988,  Icarus,  in  press),  using  a 
different  numerical  model,  presented  results  concerning  the 
runaway  growth  of  large  embryos  in  the  terrestrial  zone.  Ve 
have  taken  their  initial  conditions  and  tried  to  match  the 
physical  phenomena  they  used  as  closely  as  possible  (e.g., 
effects  of  gravitational  stirring,  gas  drag  and  cross-section 
enhancement  factor).  Using  our  code,  we  have  reproduced  the 
same  shape  for  the  velocity  and  mass  distributions  as  Vetherill 
and  Stewart.  The  timescales  are  marginally  different; 
nevertheless,  such  a good  correspondence  between  results 
obtained  using  two  different  approaches  reinforces  the  validity 
of  both  the  codes  and  their  physical  meaning. 

Ve  are  now:  a)  studying  in  more  detail  the  effects  of 
distant  encounters  and  dynamical  isolation  of  the  large  embryos 
using  a "discrete  body  algorithm"  allowing  us  to  follow  each 
large  particle  as  a single  entity  with  its  own  corresponding 
size  and  elliptic  elements;  and  b)  using  the  capability  of  our 
code  to  handle  a heliocentric  distance  distribution  to  study  the 
radial  migration  of  the  swarm  particles  under  gas  drag, 
resonances,  and  gravitational  interactions  effects.  This 
phenomena  is  of  interest  for  it  might  affect  the  growth  of  the 
large  embryos  in  either  way. 
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PLANETARY  ACCRETION  BY  RUNAVAY  GROVTH:  FORMATION  OF  THE  EARTH 
Chris  Patterson,  Los  Alamos  National  Laboratory 
Dominique  Spaute,  Planetary  Science  Institute 

The  outcome  of  runaway  growth  is  examined  in  the  Earth’s 
accretion  zone.  It  is  found  that  runaway  growth  of  a few 
planetary  embryos  quickly  leads  to  high  relative  velocities  (>10 
m/sec)  of  the  1-  to  10- km  diameter  swarm  planetesimals  due  to 
gravitational  stirring.  Such  velocities  cause  the  swarm 
planetesimals  to  fragment  by  mutual  collisions.  This 
fragmentation  of  swarm  planetesimals  during  runaway  growth  leads 
to  a size  distribution  with  most  of  the  mass  in  fragments  less 
than  10- m diameter  independent  of  the  initial  planetesimal  size. 

In  the  presence  of  solar  nebula  gas,  these  fragments  will 
have  reduced  relative  velocities  and  enhanced  accretion  cross 
sections  with  the  embryos,  thereby  aiding  in  their  rapid  runaway 
growth.  Orbital  decay  due  to  gas  drag  enables  fragments  to  be 
continuously  fed  to  the  embryos  and  greatly  expands  their 
feeding  zones.  It  seems  likely  that  much  of  the  Earth  accreted 
from  fragments  originally  at  much  farther  distance  from  the  Sun, 
possibly  including  fragments  originally  in  the  asteroid  belt. 
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NUMERICAL  N-BODY  SIMULATION  OF  THE  ACCRETION 
PROCESS  OF  THE  TERRESTRIAL  PLANETS. 

Noriyuki  Namiki1-2  and  Takafumi  Matsui2.  Gept.  of  Earth,  Atmospheric,  and  Planetary 
Sciences,  MIT,  Cambridge,  MA  02139,  U.S.A.;  Geophysical  Institute,  Faculty  of  Science, 
Univ.  of  Tokyo,  Bunkyo-ku,  Tokyo  113,  Japan. 

Introduction.  It  is  widely  believed  that  planets  are  formed  by  an  accretion  of 
planetesimals  [I].  Although  this  basic  framework  has  been  now  accepted  by  many  scientists, 
there  still  remain  many  unresolved  issues,  such  as  the  planetary  formation  time,  whether  or 
not  there  is  runaway  growth,  the  degree  of  mixing  of  planetesimals  at  different  orbital 

distances,  and  so  on.  These  issues  are  fundamental  for  understanding  planetary 

compositions,  the  differentiation  of  planetary  interiors,  thermal  histones,  and  the  origin  of 
atmospheres  and  oceans  [2],  We  have  developed  a numerical  code  for  a three-dimensional 
N-body  simulation  of  the  planetary  formation  process  by  modifying  Cox  and  Lewis  two 
dimensional  model  [3].  The  planetary  formation  time  so  obtained  is  much  longer  than  that 
expected  from  previous  work  [4]. 

Numerical  Method.  Planetesimals  basically  follow  Keplerian  motion  because  most  of 
the  mass  is  contained  in  the  sun.  Their  orbits  change  only  in  response  to  mutual  gravitational 
interactions  when  planetesimals  experience  close  encounters.  Because  of  this,  the  ° 

two  planetesimals  can  be  separated  into  two  regions  according  to  the  radius  Rs  ot  the  sphere 
of  influence."  If  the  distance  between  an  encountering  pair  is  larger  than  Rs,  each 
planetesimal  is  assumed  to  follow  Keplerian  motion  independently.  When  two  planetesimals 
approach  within  Rs,  their  mutual  gravitational  attraction  becomes  sufficiently  large  that  their 
motions  depart  from  Keplerian  orbits. 

Once  a pair  of  planetesimals  encounter  each  other,  coagulation  or  gravitational 
scattering  changes  their  orbits.  The  initial  condition  when  two  planetesimals  enter  the 
"sphere  of  influence"  determines  whether  coagulation  or  scattering  occurs.  When  two 
planetesimals  coagulate  upon  collision,  a new  planetesimal  with  mass  equal  to  the  sum  ot  the 
two  planetesimals  is  formed.  The  orbit  of  the  new  planetesimal  is  given  by  conservation  ot 
momentum.  When  two  planetesimals  are  scattered,  the  outcomes  may  be  divided  into  two 
cases  depending  on  their  relative  velocity.  If  the  relative  velocity  is  higher  than  0\)1V escape 
151  the  relative  motion  of  the  planetesimals  is  assumed  to  be  given  only  by  their  mutual 
gravitational  force,  and  their  center  of  mass  is  assumed  to  follow  Keplerian  motion  around 
the  sun  (the  two-body  approximation).  When  the  relative  velocity  is  lower  than 
0 07 Vperanp  the  perturbation  is  chaotic  and  its  behavior  is  not  well  understood  L6J.  In  the 
latter  case  we  use  the  Monte  Carlo  method  to  perturb  the  two  orbits  assuming  isotropic 
scattering.  Energy  conservation  and  angular  momentum  conservation  must  be  satisfied 
during  encounter.  A summary  of  the  numerical  procedure  is  shown  in  Figure  1. 

Numerical  Results.  We  have  conducted  numerical  simulations  for  three  sets  of  cases. 
In  case  7,  the  motion  of  planetesimals  is  restricted  to  lie  in  a plane  (two-dimensional 
assumption)  and  no  gravitational  scattering  occurs  upon  encounter  (Figure  2a).  Curves  with 
the  same  initial  number  of  planetesimals  evolve  into  three  clusters  of  curves  corresponding  to 
the  initial  distributions  of  orbital  eccentricity  e from  0 to  0.1, 0.3  and  0.5,  respectively.  The 
planetary  formation  time  is  dependent  on  e.  That  is,  large  e increases  the  number  ot 
encountering  pairs.  As  a result  encounters  occur  more  frequently  and  planetary  accretion 
proceeds  more  rapidly.  The  planetary  formation  time  is  shown  to  be  of  the  order  ot  the  10J-° 
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yr  in  this  case.  In  case  2,  the  two-dimensional  assumption  is  retained  but  gravitational 
scattering  upon  encounter  is  assumed  to  occur  (Figure  2b).  The  planetary  formation 
time(=lCr'5  yr)  is  shorter  than  that  of  case  1 because  e in  case  2 is  larger  than  in  case  1 when 
the  same  number  of  planetesimals  remain.  The  planetary  formation  time  does  not  depend  on 
the  initial  number  of  planetesimals,  but  rather  on  initial  e.  In  case  3,  the  motions  of 
planetesimals  are  three  dimensional  (Figure  2c).  The  simulations  are  stopped  at  t^O6  yr 
because  of  computational  time  constraints.  The  planetary  formation  time  is  much  longer  than 
those  of  the  two  dimensional  cases  and  is  in  excess  of  106  yr.  * 

For  all  cases,  a large  value  of  e shortens  planetary  formation  time.  However,  a large 
value  of  orbital  inclination  i causes  the  number  density  of  planetesimals  to  decrease  which 
then  decreases  the  frequency  of  encounters  and  thus  lengthens  the  planetary  formation  time. 
In  general,  accretion  in  three  dimensions  takes  longer  than  in  two. 
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706.  [4]  G.W.  Wetherill  (1985)  Science,  228;  877.  [5]  G.W.  Wetherill  and  L.P.  Cox  (1984) 
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Figure  1 . Flow  chart  of  the  algorithm. 
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Figure  2.  Temporal  variations  in  the  total  number  of  planetesimals  for  (a)  Case  1,  (b)  Case  2 
6 (c)  Case  3. 


PLANETESIMAL  ACCRETION  STUDIES:  EFFECTS  OF  NUMERICAL 

PARAMETERS 

D.  Spaute,  D.R.  Davis,  and  S.J.  Veidenschilling 
(Planetary  Science  Institute) 

Planet  formation  in  low  mass  models  of  the  solar 
nebula  invokes  accretionary  growth  of  planetesimals  in  at 
least  some  phase  of  planet  evolution.  Numerical  simula- 
tions of  this  process  have  proliferated  recently  in  at- 
tempts to  understand  the  many  interrelated  phenomena  in- 
volved. Two  general  classes  of  problems  need  to  be 
addressed  to  develop  realistic  simulations  of  planetary 
accretion:  (a)  understanding  and  modeling  the  complex 

physical  processes  that  are  involved;  and  (b)  developing 
numerical  algorithms  that  combine  these  physical  pro- 
cesses into  a realistic  simulation  of  accretionary 
growth.  Recent  progress  has  been  made  in  understanding 
and  modeling  mutual  gravitational  stirring  by  an  inter- 
acting swarm  of  particles  (1 ,2) ,collisional  cross-section 
of  orbiting  bodies  (3),  and  gas  drag  and  resonances  (4). 
Additional  work  has  recently  focused  on  (b),  namely  on 
numerical  binning  algorithms  used  to  model  the  size  dis- 
tribution during  accretionary  growth.  Patterson  and 
bpaute  (5)  found  that  the  algorithm  used  by  Greenberg  et 
al.  (6)  led  to  unrealistically  short  growth  times  for 
planetary  embryos,  while  Ohtsuki  et  al.  (7)  found  that 
their  numerical  code  produced  erroneously  short  growth 
times  if  their  bin  widths  exceeded  a critical  value. 

Here  we  present  results  from  numerical  tests  on  the 
growth  algorithm  that  we  have  incorporated  into  a new 
simulation  of  planetesimal  accretion  (8). 

This  new  multi- zone  code  incorporates  an  algorithm 
for  growth  of  the  largest  bodies,  developed  originally 
u17  studying  growth  of  grains  in  the  solar  nebula  (9), 
which  incorporates  a variable  width  bin  at  the  large  mass 
end  of  the  distribution.  As  growth  occurs  the  largest 
body  at  some  point  becomes  larger  than  the  upper  limit  to 
the  then  existing  largest  bin.  A new  largest  bin  is  then 
opened  which  is  initially  narrower  than  the  smaller  bins. 
As  further  growth  takes  place,  the  width  of  this  largest 
bin  expands  until  it  exceeds  that  of  the  other  bins.  The 
rate  of  expansion  is  determined  by  a parameter  a,  defined 
as  the  ratio  of  the  change  in  mass  of  a particle  at  the 
upper  end  of  the  bin  to  that  of  the  mean  mass  of  parti- 
cles  in  this  bin.  The  a parameter  has  a significant 
effect  on  the  growth  rate  of  particles  in  the  largest  bin 
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as  will  be  shown  in  the  described  experiments.  Other 
concerns  are  the  effect  of  the  width  of  the  mass  bins  on 
the  evolution  of  the  mass  distribution  as  well  as  a para- 
meter for  the  effect  of  the  scale  height  of  the  swarm  on 
gravitational  stirring  (G.  Vetherill,  private  communica- 
tion). Ve  have  run  a series  of  numerical  experiments  to 
test  size  distributions  and  growth  rates  for  different 
choices  of  the  model  parameters;  Figure  1 summarizes 
these  results.  Ve  compare  our  results  with  the  same  case 
run  by  Vetherill  and  Stewart  (10)  using  the  same  initial 
conditions  but  with  a different  numerical  technique.  The 
initial  conditions  are  a 0.1  Earth  mass  swarm  of  ~10  km 
sized  particles  at  1 AU  over  a range  of  .02  AU,  with 
relative  velocity  ~10  m/sec.  The  physics  involved  are 
accretional  collisions,  gravitational  perturbations,  gas 
drag  and  dynamical  friction.  Results  obtained  by 
Vetherill  and  Stewart  (10)  are  shown  with  the  dotted 
line:  after  ~2. 6x10s  years,  one  embryo  of  ~1028  g has 
formed  by  runaway  growth  processes  and  is  detached  from 
the  continuous  distribution.  Our  first  experiment  uses 
the  parameters:  o=l  (which  tends  to  suppress  runaway), 

the  mass  ratio  of  8 between  bins,  and  the  scale  height 
parameter  used  in  Stewart’s  stirring  equations  has  a 
lower  limit  given  by  the  Hill  sphere  radius  of  the  parti- 
cle. This  experiment  is  represented  by  the  dashed  line 
and  the  small  triangle  showing  the  growth  of  an  embryo  to 
~1028  g after  ~2. 6x10s  years.  This  result  is  similar  to 
Vetherill  and  Stewart’s  (10). 

In  our  next  experiment,  we  decreased  the  mass  ratio 

between  bins  to  -fl  as  in  (10),  keeping  the  same  other 
parameters.  The  heavy  line  shows  that  in  this  case  the 
accretion  is  limited  to  the  growth  of  ~103  particles  of 
~1023  g.  The  choice  of  the  bin  mass  ratio  is  conse- 
quently of  huge  importance.  The  next  experiment  (light 
line)  shows  evolution  of  the  swarm  with  a bin  mass  ratio 

of  and  parameter  a computed  to  be  >1.  This  case  leads 
to  the  formation  of  a ~2xl02S  g body  after  ~2. 6x10s 
years,  but  by  that  time  no  runaway  had  occurred. 

Communications  with  G.  Vetherill,  suggested  that  the 
differences  in  our  results  might  be  due  to  our  choices  of 
the  scale  height  for  Stewart’s  gravitational  stirring 
formulas.  Ve  ran  an  experiment  using  no  lower  boundary 
for  this  scale  height  of  the  particles  as  did  Vetherill. 
In  that  case,  our  results  show  a decrease  in  stirring, 
resulting  in  very  fast  runaway  growth  with  evolution 
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similar  to  Vetherill’ s results  (dotted  line)  except  that 
the  embryo  reaches  ~1028  g in  6000  years.  Consequently, 
we  show  that  all  the  parameters  included  in  the  growth  of 
the  largest  bin,  the  initial  choice  of  the  mass  ratio  and 
the  choice  of  scale  height  in  Stewart’s  formulas  strongly 
affect  the  size  distribution  and  the  growth  rate  of  the 
particles.  Comparisons  are  also  made  with  analytic  solu- 
tions, but  only  for  cases  involving  much  simpler  physics 
than  is  included  in  the  simulations  shown  in  Figure  1. 
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CONSTRAINTS  ON  THE  MAGNITUDE  AND  TIME  DEPENDENCE  OF  TEE  INTENSE 

“id  H°“r“spoL  (Department  of  Planetary  Sciences  University  of 
Arizona^  TucsoS,  AZ  85721)  and  Villiam  K.  Hartmann  (Planetary 
Science  Institute,  Tucson,  AZ  85719) 

Many  recent  studies  have  increased  awareness  of  the  dominance 
of  impact  processes  in  early  crustal  evoiutronorigin  an^ri; 

evolution  of  the  atmosphere  a"d,Jy^?sP^^’.fd8y2l  V HoJever,  the 
evolution  (Grinspoon  and  Sagan  (1987),  MAS  19,  872).  uowever, 
magnitude  and  time- dependence  of  the  intense  early  bombardment  of 
Se  Earth  are  poorly  known  quantities.  Ve  are  attempting  to  refine 
knowledge  of  this  important  function  through  the  application 
dvnamical  models  and  whatever  observational  constraints  exist.  The 
fSioi  interval  as  determined  through  isotopic.stndres^constrarns 

the  formation  of  the  Earth  to  a few  tens  of  y-  , Earth 

derivation  of  a peak  flux  which  was  necessary  ^accrete  the  Eart^ 
on  this  timescale.  This  accretionary  flux  is  estimat ed  to  be  3 2x10 
times  the  current  terrestrial  mass  inf lux,  i at  time  t - 4.5  by 

(Hartmann  (1980)  Proc.  Conf.  Lunar  Highlands  CruM  155). _ Crater 
counts  of  dated  surfaces  on  the  Moon  reveal  a ^etJeen 

annrnximatelv  103  times  the  current  influx.  The  transition  Deiween 
these  regimes  is  being  modeled  as  the  consequence  of  a combination 
of  accretional  remnant  planetesimals  with  a range  of  dynamical 
lifetimes  and  collision  probabilities.  A s»<?essful  "°del  for  thlS 
•fiinrt ion  must  also  be  able  to  reproduce  the  observed  age 

distribution  of  lunar  highlands  r?cks' . being1"® 

the  age  distribution  for  a given  time- dependent  flux  are  being 

developed . 
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PLANET  ORBITS,  SPIN,  AND  HEATING. 

. of  Earth  & Space  Sciences,  Universi- 

ty of  California,  Los  Angeles. 


A major  problem  of  the  origin  of  the  Earth  is  why  it 
became  so  different  in  secondary  properties  from  Venus,  the 
body  by  far  the  most  nearly  similar  in  primary  properties: 
the  two  planets  differ  less  than  20  percent  in  mass,  mean 
density,  and  equilibrium  black-body  temperature.  Several  of 
the  secondary  differences — the  surface  temperature,  the 
absences  of  water,  magnetic  field,  and  plate  tectonics  in 
Venus  are  explicable  as  consequences  of  evolution.  But 

there  are  two  great  differences  that  must  depend  on 

formation:  the  states  of  spin  + satellite,  the  Ear?h  being 
the^Pn?  a satellite,  and  Venus  being  retrograde;  and 
36  + 38w  nf°n^°fvhvaVy  p^imordial  inert  gases,  especially 

p,  . >, Ar  * n-  whicb  Venus  has  about  80  times  as  much  as  the 
vfn,,  Dissipative  processes  must  evolve  and  maintain 

retroaradery?^  ”^P‘in  (1)*  bUt  pr imord ial ly  Venus  must  start 
retrograde  (2).  the  more  so,  the  lower  the  1/Q  required  to 

slow  down  (3).  Regarding  the  argon  difference,  attempts  to 
explain  it  by  nebula  or  solar  wind  effects  (4,5)?  have 
remained  unper suasi ve.  The  obvious  hypothesis  for  the  two 

differences  is  the  late  stage  impact  history,  as  suggested  by 
Cameron  (6):  the  Earth  got  hit  by  a big  body,  degassinq  it 
and  knocking  off  the  protolunar  matter,  while  Venus  was^ot 
hit  by  anything  nearly  as  large. 

— mp*!!p=CLahe  .1Jestio“  is  what  was  the  population  of  bodies 
tprrn  t • fd  orbits  - characterizing  the  penultimate  stage  of 

on  it  biathpipnea-ff°rmatl°n-  What  constraints  can  be  placed 
and  Earth  ?!!*  fferanfes  in  secondary  properties  of  Venus 
nd  Earth  (as  well  as  the  primary  properties  of  all  four 

na;ets)?  t Wether i 1 1 (7,8)  showed  that,  given  a suitable 
confinement  m semi-major  axis  of  a starting  swarm  of  500 
planetesimals,  about  four  planets  will  be  obtained,  with  the 
final  stages  entailing  impacts  of  bodies 
velocities  of  about  9 km/sec.  Hence  his 
support  Cameron's  (6)  conjecture,  but  he 
the  spins  resulting  from  collisions  in  the 
explore  in  any  detail  the  implications 


of  about  0.3  M0  at 
Monte  Carlo  models 
did  not  calculate 
model,  and  did  not 
of  the  observed 


spin  and  volatile  retention  for  the  planetesimal 


outcomes  in 
population. 

rp»4-00Eari  ierJ?  • sessions  of  the  implications  of  planet  spin 
rates  and  obliquities  (9,10)  concluded  that  they  limited  the 
size  of  the  forming  planetesimals.  Indeed,  Safronov’s  (9) 
main  observational  argument  for  the  runaway  growth  of  the 
largest  body  in  a zone  was  the  obliquities.  YT-his  problem  has 

by  distributions  bY  Hartmann  } Vail  (H*  with  a model  defined 
•mrv  tributions  in  mass  and  approach  velocity  k offset  of 

^ ^onc^sion  that  factors  could  have  had 
masses  zu%  of  the  planet  s. 
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We  have  adapted  an  Opik  algorithm,  developed  for  another 
purpose , to  this  problem.  The  main  difference  of  the 
algorithm  from  Wetherill’s  is  that  3 priory  four  bodies  are 
designated  as  ••planets";  the  remainder,  as  planetesimals  , 
and  only  planet:  planetesimal  interactions  are  taken  1 
account . The  application  discussed  here  is  essentially  a. 
combination  of  the  later  stages  of  the  modelling  by  Wether ili 
(8)  with  the  impact:  spin  modelling  of  Hartmann  J Vai 1 <11>- 
In  addition  to  spin  orientation  and  magnitude,  energy 
dissipation  upon  collision  is  calculated,  since  variation 
therein  would  pertain  to  the  hypothesis  of  an  impact 

aenerated  volatile  difference  (6). 

The  starting  conditions  for  the  runs  already  ma 
approximate  those  of  the  31  My,  or  81%  accreted,  stage  of 
Wether  ill  Cp.  537  of  (8)3:  four  planets,  81%  as  massive  as 

the  final,  plus  fifty  planetesimals  of  masses  m randomly 


a distribution  n(m)  = k m l-5,  with  a maximum 
times  the  minimum,  and  a total  mass  23. o* 
of  the  planets.  Random  selections  were 
action  elements  from  distributions  of 
negative  correlations  of  -0.3  of  the 
inclinations  with  masses.  The  starting 
with  magnitudes  in  accord  with  the 
angular  momentum  densities  were 
i.e.f  LOD * s of  19  hours  for  proto- 
hours for  proto-Mars,  and  30  hours 
thirty  runs  made  to*  date,  there 
were  no  significant  differences  in  the  averages  of  the 
outcomes  fo?  Venus  and  Earth,  but  appreciable  variations 
about  these  averages  in  individual  cases  for  t 
planets:  K retroglade  spins  for  15X  of  cases;  2.  slow  downs 
of  spins  for  15X;  3.  speed  ups  of  spins  to  angular  momenta  o 
the  Earth  + Moon  (i.e.,  LOD  of  less  than  six  hours)  for  10%, 
5 summed  energy  dissipations/unit  mass  ranging  from  3x1  0&  to 
LoH/kg  (e”ivalen?  to  3.000  to  20.000°  0 temperature 

rise);  and  6.  orbit  eccentricities  ranging  from  0.001  to 


selected  from 
not  more  than  200 
of  the  total  mass 
also  made  of  the 
similar  form,  with 
eccentricities  and 
spins  were  all  prograde, 
empirical  rule  that  the 
proportionate  to  M5/b  (3): 
Earth  and  proto-Venus,  27 
for  proto-Mercury.  In  the 


because  the 


m 


,-1.5 


0.039.  These  effects  may  be  too  low. 
formula  for  masses  gave  maxima  too  low.  -02  to  .05  o* 
than  suggested  by  Wetherill’s  (8)  figure.  The  results  for 

Mercury  were  fragmentation  in  90%  of  cJ?eai'  £© 

instability  (LOD<2.6h),  with  energy  dissipations  of  10  to 
2x?08  J/kg  Mars  was  fragmented  in  50%  of  cases,  and  had 

dissipations  of  2xl06  to  4x10  J/kg.  twnnt-heses 

The  modellings  are  thus  consistent  with  the  hypotheses 

that  the  spin  + satellite  states  of  Venus  and  Earth,  a 

greater  outgassing  of  the  Earth,  the  scunneu 

Ind  Mercury;  and  the  predominantly  iron  composition  of 
MercurJ  are  all  results  of  the  late  stages  of  their  growths 
being  impacts  by  planetesimals  with  masses  ranging  up  to  well 
above  ^e  Moon’s.  However,  an  appreciably  greater  range  of 
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The  continuity  and 
equations  governing 
and  the  equation  of 
and  the  pressure 


BBBSWR  •ssars 

versity  of  California,  Los  Angeles. 

Cartesian  coordinates  are  advantageous  to  study  the 

completed,  /he  coae  is  / and  to  handie  shocks  that 

equations  of  radia^.1^r^1  reaime  The  computational  scheme 
arise  in  the  n°n'lJ?^er»a  one  developed  by  Boss  (1)  because 
is  more  accurate  than  difference  scheme  rather  than  a 

it  involves  a second-order  diff< erence  in  much  lesS 

first-order,  donor  celJ pen  density  perturbations, 
numerical  viscosity  acting  to  damJ?“  ®en!“y  £he  principal 

' momentum  equations  are  the 

the  collapse,  while  Poisson’s  equation 
state  relate  the  gravitational  potential 
to  the  density  distribution. 

37- p expressed  in  a conservative,  nondimensional 
equations  are  expressed!  0„,hl,ted  with  a second-order 

form.  The  source  terms  advection  terms  are 

calculated'wfth^he  Van  Leer  upwind  i»terpolat ion  scheme  (2)^ 

2* -rSSSr.  of2oSSS‘S 

to  suppress  numerical  noise  and  improve  energy  finain9 

(3).  A ??urier  method  develo, pedjsyj “°i3tr?bution  is  used  to 

sol  ve°Po  i s son ' s°  equation.  The  code  has  been  vectorised  to 

take  full  advantage  of  the  ^-“.^“^"il.tin*  the 
potent ials^f or3 an  isol^d  p“ofnt  -urce^n^a^unif or^density 

3/|«^Uc^eXs  beennrun  successfully  for 

co^ 'lapse  o°ffaterapidir“;atinggcloud  Jo 

approximately  4.7  times  ^ f /g*  ^constant  density  equal  to 
follow  the  collapse,  a surtace  oi  w 50  and  150 

iterations3  (Figure*^  ‘^  iterations  correspond  to 

k°urf2  « vertically  through 

the  axis  of  rotation  after  100  iterations.  , i 236 

the  axis  oi  A p 1980.  Astroghys.  jL_ 

Ref  er  ences : (1)  Boss,  a.  ~ rrr  (3) 

619.  (2,  van  Leer.  B. 

rs  ^ ' °R ' 1 ^ m 

T^anry  nf  Pnt.ential.  McGraw-Hill,  New  Yor  . 
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Figure  1 . 
cloud  after  50 
latter  of  which 


Surfaces  of  constant  density  of  a collapsing 
(upper)  and  150  (lower)  iterations,  the 
corresponds  to  3.0  free-fall  times. 
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3D  SOLAR  NEBULA  MODELS:  IMPLICATIONS  FOR  EARTH  ORIGIN 

Alan  P.  Boss,  DTM,  Carnegie  Institution  of  Washington 

t“ol=S: th~  **  «“ 

=#“s= s=s 

models  have  protosun  masses  ranging;  from  0 001  to  1 R M i l '*  ie 

from  0 00‘?  to  1 09  M a°  ® t • ui  to  l.o  Mq  and  nebula  masses  ranging; 

D\  NAMICAL  IMPLICATIONS: 

models  to  account 'for  ^rrestri^plan^T format^onTh^*^  tf  “•  ess?entiaUy  a11  the 

of  a dust  sub-disk  [3  4],  However  in  the  onto  1 ^roluS^1  ^ gravitational  instability 

a similar  rapid  formation  of  rocky  cores  [5]  unless  the  neb  ^ d®nSlt!fS  are  ^sufficient  for 

THERMODYNAMICAL  IMPLICATIONS  h b & 18  q maSS1Ve  ^ 1M©)- 

S£^5sS3 
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have  to  be  recalculated  in  order  to  take  into  account  finite  initial  temperatures  and 
hence  survival  of  the  most  refractory  interstellar  grains. 

(3)  While  cooling  from  high  temperatures  implies  equilibrium  condensation  sequences 
were  operative,  condensation  need  not  have  led  to  a strong  compositional  gradient  in 
the  terrestrial  planet  region,  because  of  the  thermostatic  effect  previously  noted.  That 
is,  if  the  thermal  gradient  is  nearly  zero  because  of  the  thermostat  effect,  condensation 
sequences  may  have  been  similar  throughout  the  inner  solar  nebula.  Furthermore, 
stochastic  orbital  evolution  of  large  planetesimals  (leading  to  large  scale  radial  mixing) 
tends  to  erase  the  effects  of  any  primordial  compositional  gradients  [9] . 

(4)  High  temperatures  in  the  inner  solar  nebula  may  have  been  directly  responsible 
for  the  depletion  of  volatile  species  (C,  N,  H20)  in  the  terrestrial  planets  by  factors 
of  order  104  or  more  compared  to  solar  abundances  [10].  The  volatiles  may  have  been 
removed  from  the  terrestrial  planet  region  along  with  the  rest  of  the  gaseous  portion  of 
the  nebula  through  dynamical  evolution  of  the  nebula  itself  or  through  the  enhanced 
early  solar  wind. 

(5)  While  temperatures  around  1500K  imply  that  equilibrium  chemistry  is  likely  to 
have  occurred  in  the  inner  solar  nebula  and  that  thermochemistry  was  the  dominant 
energy  source  [10],  vaporization  of  iron  grains  at  the  midplane  may  have  limited  the  ef- 
fectiveness of  the  Fe  catalysis  (Fischer-Tropsch- type  reactions)  suggested  as  a means  of 
converting  CO  to  CH4  [10]  and  of  forming  other  organic  compounds  found  in  carbona- 
ceous chondrites,  at  least  during  these  hot  early  phases.  The  question  then  becomes, 
how  much  cooling  occurred  prior  to  inner  solar  nebula  removal? 
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Particle-gas  dynamics  in  the  protoplanetary  nebula 
Jeffrey  N.  Cuzzi  (Ames  Research  Center),  Joelle  M.  Champney  (ATM,  inc.),  Thomas  J.  Coakley 
(Ames  Research  Center),  and  Anthony  R.  Dobrovolskis  (U.  C.  Santa  Cruz) 


We  have  developed  a fully  viscous,  two-phase  numerical  model  of  the  protoplanetary  nebula  which 
treats  the  situation  in  which  a layer  of  macroscopic  particles,  settling  toward  the  nebula  midplane, 
generates  vertical  wind  shear  and  turbulence  in  the  surrounding  gas  which  prevents  further  settling. 
Our  model  uses  a “perturbation”  approach  to  the  problem  in  which  the  full  state  (density  and  3- 
D mean  velocity  vector  of  both  gas  and  particles)  is  broken  down  into  a zero  order  solution  and 
a smaller,  first  order  perturbation  solution.  The  numerical  model  itself  is  only  used  to  solve  for 
the  small  first-order  perturbed  quantities.  Our  investigations  into  the  properties  of  shear-driven 
turbulence,  and  those  of  others,  have  demonstrated  that  a variety  of  parametrizations  provide 
satisfactory  representations  of  turbulence  in  real  shear  flows  of  many  sorts  by  relating  the  turbulent 
velocity  fluctuations  to  the  mean  local  properties  of  the  flow  such  as  its  shear.  We  have  explored 
two  of  these  models  this  year;  a so-called  “zero-equation”  or  Prandtl  model  and  a so-called  “two- 
equation”  or  k — e model.  Finally,  we  have  developed  a simple  new  model  relating  particle  diffusion 
to  gas  phase  turbulence  using  a size-dependent  “Schmidt  number” . 

Parametrization  of  turbulent  viscosity  The  simplest  possible  estimate  for  the  turbulent 
viscosity  v?  due  to  shear  comes  from  a mixing  length  model: 


27r*?2r2n 


where  Re*  is  the  critical  Reynolds  number,  6 = ( v^P )*  is  the  boundary  layer  thickness  in  a system 
rotating  with  period  P = 2?r/f2,  and  AV  is  the  velocity  difference  across  the  boundary  layer 
which,  in  our  case,  depends  on  the  nebula  pressure  gradient  parameter  r)  (Nakagawa  et  al.  1986). 
Using  the  value  of  xj  — 1.8  X 10  3 and  Re*  = 500,  we  get  i/x  ^ 3 X 10®cm2sec-*.  This  viscosity 
will  act  on  the  small  local  scales  appropriate  to  structure  and  evolution  of  the  particle  layer,  and 
independently  of  the  more  uncertain  presence  or  absence  of  buoyancy-driven  convective  turbulence. 
The  corresponding  depth  of  the  shear  layer  6 ~ A VP/ Re*  only  amounts  to  10“4  - 1CT6  of  the 
radius  of  the  nebula,  compared  to  a typical  gas  scale  height  of  10_1  of  the  nebula  radius. 

This  year,  we  successfully  coded  two  new  parametrizations  for  a spatially  variable  turbulent 
viscosity  v? , both  being  more  sophisticated  than  this  simple  constant  vt  mixing  layer  approach. 
Thus,  our  model  of  the  particle  density  evolution  is  now  fully  self  consistent.  The  zero-equation  or 
Prandtl  model  has  the  form 

i/T(x)  = co62j^‘ 

This  model  allows  the  viscosity  to  be  largest  where  the  turbulence  is  largest;  t.e.  in  the  region 
of  largest  velocity  shear.  The  two-equation  model  is  considerably  more  complex.  Basically,  it 
solves  the  transport  equations  for  the  turbulence  itself.  Turbulence  propagates  away  from  the  local 
region  of  its  generation  (the  region  of  maximum  wind  shear)  to  the  extent  permitted  by  the  rate 
at  which  it  dissipates.  The  model  is  characterized  by  two  more  partial  differential  equations.  They 
determine  the  distribution  of  the  turbulent  kinetic  energy  k and  the  turbulent  dissipation  e;  hence 
the  appellation  k — e model.  The  advantage  of  the  k — e model  is  that  it  can  provide  the  most 
realistic  spatial  distribution  of  the  turbulence.  For  example,  in  the  nebula,  the  vertical  velocity 
shear  at  the  midplane  is  zero  by  symmetry;  consequently,  the  Prandtl  model  above  would  predict 
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VT  - 0 at  the  midplane.  However,  the  turbulence  and  therefore  the  turbulent  viscosity  is  probably 
not  zero  there,  since  turbulence  can  propagate  away  from  its  source  in  the  region  of  large  shear. 

Schmidt  number:  Having  a good  parametrization  for  the  turbulent  viscosity  in  the  nebula,  we 
may  now  use  our  particle  mass  conservation  equation  to  determine  the  extent  to  which  gravitational 
settling  is  impeded  by  the  turbulence  generated  by  the  layer  itself.  The  diffusion  coefficient  in  the 
particle  mass  conservation  equation  is  just  the  gas  viscosity  vt  divided  by  the  Schmidt  number  , Sc. 
We  have  come  up  with  a simple  and  physically  reasonable  parametrization  for  Sc,  by  extending  a 
line  of  argument  presented  by  Safronov  (1972),  which  is  of  the  form 

Sc=  (1  + r2/-^)2 

for  the  Stokes  regime,  and  obtain  a similar  form  with  slightly  different  scale  constant  for  the  Epstein 
regime.  This  expression  makes  it  clear  that  the  importance  of  diffusion  will  decrease  with  particle 

size.  # # i*i 

Results  of  the  viscous  model  Last  year,  we  presented  comparisons  with  the  analytical 

(inviscid)  solutions  of  Nakagawa  et  al.  (1986)  for  a realistic  range  of  nebula  parameters,  obtained 
by  setting  our  nebula  viscosity  equal  to  zero  to  make  our  results  consistent  with  their  formulation. 
The  agreement  was  quite  good,  as  shown  in  Cuzzi  et  al.  (1989). 

Of  course,  without  viscosity,  shear  stresses  are  negligible  in  the  Nakagawa  et  al.  model  (they 
do  not  formulate  the  viscous  terms  at  all).  In  these  inviscid  models,  the  gas  entrained  within  the 
particle  layer  is  driven  to  more  rapid  orbital  velocity  only  by  local  drag  with  the  particles.  As  the 
particles  settle  and  the  “headwind”  experienced  by  solitary  particles  (those,  for  example,  at  higher 
altitudes)  decreases,  particles  in  the  layer  cease  their  inward  radial  drift.  Since  the  orbital  velocity 
difference  has  not  reached  zero,  even  the  gas  within  the  layer  drifts  slowly  outward  relative  to  the 
surrounding  gas.  In  the  absence  of  turbulence,  the  particle  layer  merely  continues  to  settle. 

We  have  determined  the  turbulent  viscosity  in  our  models  self-consistently  using  both  the 
Prandtl  and  the  k — c models,  although  we  have  had  insufficient  time  to  explore  these  results 
over  a wide  range  of  model  parameter  space.  The  presence  of  shear  stresses  due  to  this  turbulent 
viscosity  produces  a very  different  behavior  for  the  mean  flow  than  seen  in  the  Nakagawa  et  al. 
solutions.  Figure  1 shows  the  vertical  profile  of  the  radial  velocity  for  the  gas  in  a case  when  the 
particle  density  at  the  midplane  starts  out  at  ten  times  the  gas  density.  The  shear  stress  exerted  at 
the  boundary  layer,  not  allowed  for  in  the  inviscid  model,  exerts  itself  as  a torque  on  the  particle 
layer  which  causes  it  to  drift  radially  inward.  Simultaneously,  an  Ek man- like  flow  is  seen  within 
and  just  above  the  particle  layer,  where  the  reverse  torque  is  applied  to  the  gas  sending  it  streaming 
radially  outward  at  a higher  velocity  than  predicted  by  the  inviscid  model. 

As  shown  in  figure  2,  the  particles  partake  of  the  outward  drift  as  well  as  of  the  inward  drift. 
That  is,  in  the  Ekman  layer  just  above  the  particle  layer,  particles  are  being  advected  outwards 
by  the  streaming  gas.  Those  particles  that  make  it  into  the  central  dense  layer  drift  inwards  as  a 
group.  As  in  the  inviscid  model,  there  does  seem  to  be  a residual  outward  drift  of  the  gas  relative 
to  the  particles  within  the  particle  layer. 

Finally,  the  time  history  of  the  particle  density  profile  is  seen  in  the  dashed  curves.  Even  for  a 
Schmidt  number  as  small  as  5 - 10,  the  particle  layer  is  “puffed  up”  by  turbulence  and  is  not  able  to 
settle  into  a sufficiently  dense  state  to  allow  the  onset  of  gravitational  instability  (Weidenschilling 
1980). 
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Figure  1:  Gas  velocities  (cm  sec  l),  and  relative  to  pressure  supported  motion,  obtained  from  our  code.  Solid 
line:  radial  velocity;  short  dash:  azimuthal  velocity.  The  long  dashed  curves  are  particle  density  profile  at  the 
was  lo'ng  an<1  at  the  6nd  °f  a 6"year  evolution  (uPPer  ocale:  log  p,,  in  g cm'5).  In  these  runs,  the  Schmidt  number 

Figure  2:  Particle  velocities,  relative  to  circular  Keplerian  motion.  Solid  line:  radial  velocity;  short  dashed  line: 
azimuthal  velocity.  Long  dash:  particle  density  profile  at  the  beginning  and  at  the  end  of  a 6-year  evolution  (upper 
scale:  log  pp,  in  g cm  *).  In  these  runs,  the  Schmidt  number  was  10. 
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ATOMIC  AND  PLASMA  PROCESSES  AFFECTING  ANGULAR  MOMENTUM 
TRANSFER  IN  THE  EARLY  SOLAR  SYSTEM. 

W.  i.  Newman,  Department  of  Earth  & Space  Sciences, 
University  of  California,  Los  Angeles. 


The  discovery 
with  forming  stars 
magnetic  mechanisms 
An  early  sun 
shown  to  create  a 
10’s  or  even  100’s 
model.  In  this  extended 
Jupiter  or  of  pulsars 
to  corotate  with  the 


of  kilogauss  magnetic  fields  associated 
(1)  inspires  a reexamination  of  hydro- 
for  angular  momentum  transfer. 

with  a kilogauss  magnetic  field  can  be 
magnetosphere  that  could  extend  to  many 
of  AU,  depending  on  the  details  of  the 
magnetosphere,  which  mimics  that  of 
(2),  charged  particles  would  be  obliged 
sun  with  velocity  exceeding  1000’s  of 


km/sec.  The  dynamics  of  a solar  nebula  with  such  strong 
fields  becomes  unrecognizeably  altered  by  atomic  processes 
such  as  charge  exchange  and  collisional  ionization  which 
would  ionize  a substantial  part  of  the  disk’s  core,  and 
provide  an  important  mechanism  for  energizing  and  ejecting 
particles  from  the  solar  system.  Charged  particles  leaving 
the  solar  system  would  do  so  with  angular  momenta  consistent 
with  corotation  velocities  that  one  would  obtain  at  great 
distances  from  the  sun,  not  the  velocities  appropriate  to  the 
outer  envelope  of  the  sun’s  atmosphere . ^ Consequently,  t e 
angular  momentum  withdrawn  by  a given  ion  from  the  solar 
system  could  be  108  greater  than  the  angular  momentum  it  had 
when  it  left  the  sun’s  atmosphere.  Concommitant  with  this 
picture  the  transfer  of  angular  momentum  via  the  magnetic 
field  to  material  at  a great  distance  from  the  early  sun 
would  substantially  reduce  that  field  and  remove  the  magnetic 
barrier  to  accretion  of  disk  material.  It  is  important  to 
note  that  this  mechanism  may  be  intermittent  and  relatively 

nevertheless  be  an  important 
other  mechanisms  (alpha  viscosity 
torquing,  solar-sector  spin-up 
for  momentum  transport. 

(1)  Hartmann,  L.W.  A R.  W.  Noyes  1987.  Ann 


short-lived,  but  could 
ingredient  combined  with 
mechanism,  gravitational 
mechani sm,  etc . ) 
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COMPUTER  SEARCH  FOR  STABLE  ORBITS  BETWEEN  JUPITER  AND  SATURN. 
W,  M.  Weibel , W.  M.  Kaula,  W.  I.  Newman,  Department  of  Earth 
& Space  Sciences,  University  of  California,  Los  Angeles. 

A fourth-order  predictor-corrector  integrator,  based  on 
the  direct  N-body  code  of  Aarseth  (1),  was  applied  to  125 
test  particles  placed  in  orbits  at  uniform  intervals  from  5.7 
to  8.8  AU,  with  starting  eccentricities  randomly  distributed 
between  0.00  and  0.02,  and  inclinations  between  0.000  and 
0.063  radians.  The  orbits  were  integrated  under  the 
influence  of  Jupiter  and  Saturn.  The  results  are  summarized 
in  figure  1.  Particles  in  three  zones  nearly  all  became 
planet  crossers  or  were  ejected  within  20,000  years: 

® 5.7— 6.4  AU , within  the  3:4  Jupiter  commensurabi 1 ity ; 

o 7.25-7.4  AU,  around  the  3:2  Saturn  and  3:5  Jupiter 
commensurabi 1 it ies ; and 

o 7. 8-8. 8 AU,  beyond  the  4:3  Saturn  commensurabi 1 ity . 

After  100,000  years  only  three  particles  remained,  at 
7.12,  7.22,  and  7.45  AU , and  after  300,000  years  only  one 
particle  persisted  at  7.22  AU  to  the  end  of  the  integration 
at  567,000  years:  almost  100  times  as  long  as  the  previous 
most  comparable  study  by  Lecar  & Franklin  (2). 

The  orbits  going  unstable  within  20,000  years  all  had 
oscillations  in  the  semi-major  axis  from  the  start.  Those 
lasting  longer  had  slight  variability  in  semi— major  axis  to 
start,  but  were  eventually  nudged  into  resonances  by  the 
secular  variations.  Normally,  the  initial  changes  in  semi- 
major axis  were  positive;  with  the  concommitant  increase  in 
eccentricity,  the  planet  orbit  first  crossed  is  Saturn’s  80 
percent  of  the  time.  Apparently  Jupiter  is  usually  the  main 
perturber,  with  outward  transfer  of  energy  disproportionate 
to  angular  momentum  at  resonances,  reminsicent  of  Lindblad 
resonances  ( 3 ) . 

References : (1)  Aarseth,  S.  J.  1972.  Gravitational  N-Bodv 
g-r-3-b*ea  <M-  Lecar,  Ed.)  pp.  29-43.  D.  Reidel  Pub.  Co.,  Dordrecht.  (2) 
Lecar,  M. , & F.  Franklin  1973.  Icarus  73,  422-436.  ( 3)  Goldreich,  P.  b 
S.  Tremaine  1980.  Astrophvs.  J.  241,  425-441. 
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FIG.  I,  Times  to  crossing  of  planet  orbit  in  JTU  (1.89 
yr ) at  intervals  of  0.025  AU  from  5.7  AU  to  8.8  AU.  Commen- 
sur ab i 1 i t i e s up  to  9th  order  are  marked  across  the  top  for 
Saturn  and  across  the  bottom  for  Jupiter. 
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ANGULAR  MOMENTUM  TRANSPORT  BY  GRAVITATIONAL  TORQUES 

IN  THE  EARLY  SOLAR  NEBULA 

Alan  P.  Boss,  DTM,  Carnegie  Institution  of  Washington 

The  solar  nebula  probably  formed  from  the  collapse  of  a slowly  rotating,  dense 
interstellar  cloud  [1,2].  Even  a slowly  rotating  cloud,  however,  may  have  large  enough 
specific  angular  momentum  ( ,// AI  m 1019  — 102°  cm2  s~ *)  to  ensure  that  much  of  the 
cloud  collapses  onto  a disk,  rather  than  directly  onto  a central  protosun  [3].  In  this  case, 
substantial  solar  nebula  evolution  is  necessary  in  order  to  transport  mass  inward  onto 
the  protosun,  as  well  as  angular  momentum  outward.  Several  physical  processes  have 
been  suggested  for  causing  this  early  evolution:  turbulent  viscosity  [4],  magnetic  stresses 
[5],  and  gravitational  torques  [6,7].  Additionally,  these  processes  might  have  had  a role 
in  later  phases  in  removing  the  last  vestiges  of  the  nebula.  Convective  instability  [8] 
has  been  the  most  promising  means  of  driving  turbulence,  but  now  appears  to  be 
defective  [9].  Processes  such  as  ambipolar  diffusion  control  the  importance  of  magnetic 
fields,  and  there  is  evidence  that  magnetic  fields  become  dynamically  unimportant 
prior  to  formation  of  protostellar  disks  [10].  On  the  other  hand,  angular  momentum 
transport  by  gravitational  torques  requires  only  the  presence  of  a mass  distribution 
which  is  asymmetric  about  the  nebula  rotation  axis  (i.e.,  nonaxisymmetry  such  as 
spiral  arms).  Because  of  differential  rotation,  the  secular  effect  of  gravitational  torques 
should  be  to  transport  angular  momentum  outward,  and  hence  mass  inward.  The 
primary  uncertainty  about  angular  momentum  transport  by  gravitational  torques  is 
the  amount  of  nonaxisymmetry  likely  to  have  been  present  in  the  early  solar  nebula, 
and  hence  the  magnitude  of  the  torques.  The  present  study  attempts  to  quantitatively 
resolve  this  uncertainty. 

Nearly  all  detailed  solar  nebula  models  have  assumed  axisymmetry  and  hence  ne- 
glected the  possible  importance  of  gravitational  torques.  The  two  exceptions  found  that 
significant  nonaxisymmetry  could  result  from  the  gravitational  instability  of  massive, 
cold  protostellar  disks  [11],  and  from  the  three  dimensional  collapse  of  slowly  rotating, 
dense  clouds  [2].  The  former  work  studied  the  dependence  of  the  stability  of  infinitely 
thin  disks  with  p oc  r-1  density  profiles  on  the  mass  of  the  central  object  and  on  the 
isotlici mal  disk  temperature.  The  latter  work,  while  taking  a rigorously  correct  ap- 
proach to  presolar  nebula  formation,  nevertheless  was  prevented  by  inherent  numerical 
difficulties  from  giving  much  more  than  an  indication  of  the  possible  extent  of  non- 
axisymmetry in  the  early  solar  nebula.  The  present  study  abandons  the  approach  of 
starting  the  evolution  from  interstellar  cloud  densities  and  sizes  [2],  and  instead  assumes 
that  some  aspects  of  the  collapse  phase  can  be  approximated  by  an  evolution  starting 
from  a much  higher  density,  smaller  size  configuration.  This  approach  allows  the  new 
numerical  models  to  have  a spatial  resolution  of  1 AU,  perhaps  large  compared  to  many 
processes  of  interest  in  the  nebula,  but  small  enough  to  give  a reasonable  representation 
of  the  global  stability  of  the  nebula. 

The  intention  is  thus  to  study  the  growth  of  nonaxisymmetry  in  solar  nebula 
models  produced  by  the  collapse  of  initially  uniform  density  and  rotation,  spherical 
clouds,  onto  protosuns  of  variable  mass.  The  calculations  involve  solutions  of  the  three 
dimensional  equations  of  hydrodynamics,  gravitation,  and  radiative  transfer  (see  [3]  and 
12]  for  details).  Several  improvements  have  been  made  over  the  previous  calculations 
2],  including  updated  opacities,  enhanced  spatial  resolution  for  thin  disks,  a central 
sink  cell,  and  diffusion  approximation  radiative  transfer.  Constant  volume  boundary 
conditions  are  applied  at  a sphere  of  radius  40  AU.  With  the  assumptions  of  equatorial 
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symmetry  and  symmetry  through  the  rotation  axis,  the  spatial  resolution  is  equivalent 
to  Nr  = 41,  Ne  = 23,  and  N*  = 32. 

The  models  start  from  a uniform  temperature  of  10K,  ^^WdSri^n 
pressional  heating  to  central  tempera  urra  o nebula  is  no  longer  a free  pa- 

of  thermodynamics  means  that  the  temperature  oltn  coupled  with 

SSfcS  ttee^nponal1  and  Se^^ntth 

initial  conditions  for  the  nebula  (e.g.,  a nhVsicallv  accurate  representation  of  the 
l^X^^SSeof  the' Liar  nebula  to  date,  subject  only  to  the  uncertainty 
of  the  initial  conditions  for  collapse. 

Three  parameters  have  been  vended  in  the  models:  the  initial 
(0.0  to  1.0  MS),  the  initial  mass  « net ^ula  (0T0  toTO  y.  ^ 

:fthe‘hnehXluPr:,  except  through  their 
addition  to  the  protosun  s mass.  . . 

The  amount  of  nonaxisymmetry  can  be  quantified  by  the 

prevented  by  the  assumed  symmetry  about  the  rotation  axis. 

All  models  are  given  an  initial 

roughly  equal  to  the  maximum  e\e  ) ^ >0  01  imply  physically  significant 

this  computer  code.  Hence  growth  of  the 

growth  of  nonaxisymmetry.  In  a mo  es  ^g  • the  central  regions;  however, 

m = 2 mode  occurs,  nearly  always  to  a 2 ~ -0. 01  Some  models  appear 

in  the  outer  regions  of  some  models,  «m-2  > _ ig  relatively  smooth.  The 

chaotic  witb  jagged  if of  'importance  for  angular  momentum  transport:  a 

phase  of  the  m - l mode  is  also  o ^ 1 • . The  models  also  indicate  when  the 

trailing  spiral  pattern  leads  to  • , bibtv  :g  satisfied  implying  the  presence  of 

Schwarzschild  criterion  for  convective  instability  is  satisnea,  P * b 

small  scale  turbulence  in  some  regions  of  the  nebula. 

For  a model  with  an  initial  protosun  mass  of  0.1M©,  initial  nebula  mass  o . ' © » 

and  Initial  nebula  specific  ungula; momejtcm  of E6  .W 

when  the  protosun  has  grown  to  0.17M®,  a tiailmg  spira  1 ^ ^ 

am-2  « 0.1,  and  leads  to  an  angular  momentum  transport  rate  dJ/  ~ f_1()6 

s-2  a rate  high  enough  to  transport  all  the  angular  momentum  m this  model  in  10 

years. 
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CONCLUSIONS:  The  calculations  show  that  even  mildly  nonaxisymmetric  solar  nebula 
evidence  for  nebula  clearing  on  time  scales  of  106  to  107  vears  fVn*c  U*  v,  u 

hdid ordSngrf1 hSStW1*"1!  ‘OT?“es  shou,ld  >*“>!“%  maintain  the 

M^mnetsl\i%ll\s)  f5lT°V  r”'  f«)  A.  G.' W cLeron,’ 

|j  d^n” cMu  '*'AA ’p206’i  -9T V&Tma*?.  its 

Icarus,  48,  377  (1981).  jl2]  A.  P.  Boss,  Ap.  J„  236,  619  (1980)  R Reynolds- 
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Rotational  Dynamics  of  Mercury  and  the  State  of  Its  Core 
S.  J.  Peale,  Physics,  University  of  California  at  Santa  Barbara 

The  dynamical  evolution  of  Mercury’s  spin  angular  momentum  controlled  by  the 
dissipative  processes  of  tidal  friction  and  relative  motion  between  a *ohd  manUe  and 
liouid  core  is  shown  to  lead  naturally  to  the  current  state  of  rotation,  lhis  is  a very  or 
dered  state  where  Mercury’s  spin  angular  velocity  is  exactly  1.5  times  its  mean  orbita 
Sar  velodty  (a  “spinirbit  resonance”)  and  with  the  spin  vector  fixed  in  a frame 
precessing  with  the  orbit  and  locked  in  a direction  which  deviates  a small  butsigm 
canHmount  from  the  direction  of  the  normal  to  the  orbit  plane  (a  “Cassini  state  ) If 
Mercurv  had  a large  molten  core  over  much  of  its  history,  the  initial  spin  rate  may  be 
^nsSed  to  a Sue  less  than  twice  the  mean  orbital  angular  velocity  and  the  initial 
angular  separation  of  the  spin  and  orbital  angular  momenta  (obliquity)  to  less  than 

90°.  Theoretical  arguments  are  not  conclusive  about  theC^en^  precise 

core  in  spite  of  the  detection  of  an  intrinsic  magnetic  field.  The  need  for  a more  precise 
knowledge  of  Mercury’s  interior  to  constrain  theories  of  planetary  magnetic  field  gen 
eration  fnd  thermal  history  and  to  possibly  cons  train; the  : imtial  rot 
a strong  motivation  for  a direct  observational  determination  of  the  core  properties.  A 
technically  feasible  experiment  is  described  which  uses  precise  measurements  o 
amplitudeof  the  physical  libration  about  the  resonance  spin  ra.te,  the  obliqmtyandthe 
fowest  degee  gravitational  harmonic  coefficients  to  determine  the  existence  and  extent 

of  a Mercurian  molten  core. 
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Rapid  Jupiter  Formation  and  the  Early  Solar  Nebula 
A.  P.  Boss  (DTM  - Carnegie  Institution  of  Washington) 

Observational  evidence  for  nebula  removal  around  solar-type 
pre-main-sequence  stars  implies  that  Jupiter  formation  must  have 
been  completed  within  ~ 105  — 107  years  after  nebula  forma- 
tion. The  most  promising  means  for  forming  Jupiter  rapidly  in- 
volves runaway  accumulation  of  planetesimals  to  the  ~ 15 M©  size 
thought  to  characterize  the  solid  cores  of  the  giant  planets.  Rapid 
growth  requires  relatively  high  dust  surface  densities  at  5 AU,  on 
the  order  of  aCT  « 20  g cm-2. 

This  paper  investigates  the  likelihood  of  achieving  a > acr  at 
5 AU  through  examination  of  16  models  of  the  formation  of  the 
early  solar  nebula  from  the  collapse  of  uniform  density  and  uni- 
form  rotation  gas  clouds  onto  central  protosuns  of  variable  mass. 
Three  parameters  are  varied  in  the  16  models:  the  initial  mass 

ineiPri°iOSH  to  initial  mass  of  the  nebula 

(U.IU  to  1.0  Mq),  and  the  initial  specific  angular  momentum  of 

the  nebula  (2.0  x 1018  to  6.2  x lO19  cm2  s"1).  The  models  involve 
solutions  of  the  three  dimensional  equations  of  hydrodynamics, 
gia\itation,  and  xadiative  transfer  in  the  diffusion  approximation* 
the  protosun  is  represented  by  a point  source  of  gravity. 

Surface  densities  in  these  models  exceed  acr  at  5 AU  only  for 
massive  1 A/©)  nebulae,  and  survival  of  proto-Jupiter  during 

the  subsequent  evolution  of  a massive  nebula  is  doubtful  Low 
mass  nebulae  (~  0.1AJ©)  have  a - 0.1trcr  at  5 AU.  Coupled  with 
the  lack  of  strong  evidence  for  direct  formation  of  giant  planets 
thiough  gas  disk  gravitational  instability,  these  models  suggest 
that  xapid  Jupiter  formation  is  still  a major  problem.  Possible 
solutions  include:  (1)  Alternative  choices  for  the  initial  angular 
momentum  distribution  may  increase  a at  5 AU  in  low  mass  neb- 
ulae (2)  Diffusive  redistribution  of  water  vapor  and  preferential 
condensation  of  ice  at  5 AU  could  enhance  a provided  that  T(5 
AU)  ~ 160  K and  that  at  least  localized  turbulence  exists.  The  16 
models  suggest  that  it  is  feasible  to  satisfy  both  of  these  require- 
merits.  (3)  Subsequent  nebula  evolution  through  the  action  of 
gravitational  torques  may  enhance  surface  densities  in  the  outer 
nebula  in  a fashion  similar  to  nebulae  subject  to  viscous  evolution. 
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THE  DYNAMICAL  EVOLUTION  OF  THE  PROTOSOLAR  NEBULA 

STEVEN  P.  RUDEN 

Department  of  Astronomy,  University  of  California,  Berkeley 

JAMES  B.  POLLACK 

Space  Science  Division,  NASA-Ames  Research  Center 


We  calculate  the  global  evolution  of  protostellar  nebulae  for  a variety  of 
initial  disk  masses  and  angular  momenta.  Although  we  approximate  the  viscous 
stress  by  an  alpha  model,  we  calibrate  the  constant  alpha  in  terms  of  the 
properties  of  turbulent  thermal  convection.  As  the  evolution  proceeds,  the 
nebula  viscously  spreads  and  is  partially  accreted  by  the  proostar.  The 
consequent  decrease  of  the  surface  density  renders  portions  of  the  disk 
optically  thin  in  the  vertical  direction.  When  the  optical  depth  decreases 
below  a critical  value,  we  assume  the  disk  is  unable  locally  to  sustain 
thermal  convection  and  the  turbulent  viscosity  and  energy  dissipation  cease. 

We  further  assume  that  once  convection  subsides  no  other  sources  of  turbulent 
stress  take  its  place.  We  calculate  the  resulting  disk  profiles  under  these 
assumptions  and  make  comparisons  to  the  solar  system.  We  find  that  1) 
moderately  viscous  disks  with  alpha  10  evolve  to  optically  thin  conditions 
in  ~ 10^  years,  2)  the  resulting  disk  radii  are  primarily  sensitive  to  the 
initial  amount  of  nebular  angular  momentum  and  insensitive  to  the  initial  disk 
mass,  3)  significant  amounts  of  optically  thin  mass  can  remain  in  the  disk  i 
the  convective  efficiency  is  low  (alpha  less  than  10_JS ) , 4)  the  heating  of  the 
disk  surface  by  the  protosun  is  unable  to  alter  the  convective  evolution,  5) 
the  optically  thin  remnant  gas  disk  can  be  dispersed  by  a typical  T Tauri 
wind,  6)  constraints  on  giant  planet  formation  require  greater  than  or  equal 
to  10“^  and  may  require  a non-convective  mechanism  for  viscous  stress  in 
optically  thin  regions. 
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Some  Unsolved  Problems  in  Evolutionary  Dynamics  in  the  Solar  System 
S.  J.  Peale,  Physics,  University  of  California  at  Santa  Barbara 

Several  unsolved  problems  in  the  evolutionary  histories  leading  to  current  dynam- 
ical configurations  of  the  planets  and  their  systems  of  satellites  are  discussed.  These 
include  the  possibilities  of  rather  tight  constraints  on  the  primordial  rotation  states  of 
Mercury  and  Venus  and  the  stabilizing  mechanism  for  the  latter’s  retrograde  spin,  a 
brief  mention  of  the  problem  of  origin  of  the  moons  of  Earth  and  Mars,  the  excessive 
heat  flow  from  Jupiter’s  satellite  Io  which  is  not  compatible  with  an  otherwise  self- 
consistent  model  of  origin  of  the  Laplace  three— body  libration,  the  mechanism  for  the 
long  history  of  resurfacing  of  Saturn’s  satellite  Enceladus  and  the  possibly  short  lifetime 
of  the  A ring  and  the  mechanisms  for  resurfacing  the  satellites  of  Uranus,  especially 
Ariel,  if  the  high  stability  of  the  mean  motion  orbital  resonances  at  the  2/1  commensu- 
rability  involving  Ariel  and  Umbriel  precludes  a long  term  occupancy  of  the  resonance. 
Finally,  excessive  times  of  accumulation  of  the  outer  planets  in  current  models  may 
possibly  be  reducible  from  the  effects  of  nebular  gas  drag. 
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VISCOSITY  AND  MASS  TRANSPORT  IN  NON-UNIFORM  KEPLERIAN  DISKS 
By  G.W.  Oj akangas  and  R.  Greenberg 


Theories  describing  the  dynamics  of  Keplerian  disks  of  many 
colliding  bodies  (e.g.  the  rings  of  Saturn  or  the  planetesimal  swarm  from 
which  the  planets  accreted)  have  involved  statistical  mechanics  or  fluid 
dynamical  approaches  (cf.  Safronov  1972,  NASA  TT  F-677,  Go  re^c  an 
Tremaine  1978,  Icarus  34,  227,  called  GT  here)  with  complicated 
mathematics  that  can  obscure  the  underlying  physics  governing  the 
evolution  of  such  disks.  Heuristic  treatments  of  collisional  disk 
evolution,  intended  to  clarify  the  issues,  can  nevertheless  sometimes  be 
misleading.  For  example,  the  physical  description  of  viscosity  in 
planetary  rings  by  GT  gave  the  same  qualitative  result  as  their  detaile 
mathematical  development,  yet  it  lacks  some  of  the  critical  physics  that 
determines  angular  momentum  transport  (Greenberg  1988,  Icarus  75,  57/). 


Extension  of  GT's  heuristic  development  leads  to  an  apparent 
paradox:  Random  motions,  superimposed  on  the  Keplerian  shear,  cause 

particles  from  a given  locality  to  experience  collisions  with  particles 
from  localities  at  greater  orbital  radii  (and  vice-versa),  during  the 
course  of  their  epicyclic  motion.  In  the  classical  description  o 
viscous  transport,  these  particles  carry  momentum  across  the  shear 
surface:  particles  from  the  fast  lane  bring  momentum  with  them  when  they 
collide  in  the  slower,  outer  lane.  However,  when  a particle  approaches 
its  apocenter  in  Keplerian  motion,  it  is  moving  slower  than  the  mean  flow 
in  the  region  it  encounters,  suggesting  that  collisions  transfer  momentum 
inward,  rather  than  outward.  Thus  the  sign  of  the  viscosity  would  appear 
to  be  negative,  with  the  apparent  consequence  that  planetary  rings  should 
contract  rather  than  expand  with  time.  Such  a result  would  violate 
angular  momentum  and  energy  constraints. 

Greenberg  (1988)  showed  that  this  apparent  paradox  is  resolved  by, 
in  effect,  keeping  an  account  of  where  in  a particle's  epicyclic  motion 
sequential  pairs  of  collisions  take  place,  as  well  as  the  average 
momentum  transferred  during  collisions.  With  such  an  approach,  Greenberg 
was  able  to  describe  the  process  in  physical  terms  and  obtain  the  correct 
form  for  the  viscosity,  i/,  in  a planetary  ring  as  a function  of  its 
optical  depth,  r,  in  the  limits  of  large  and  small  r. 

We  are  now  applying  the  same  general  approach  to  particle  disks  with 
a radial  gradient  in  surface  density.  The  complexity  of  statistical 
mechanical  or  fluid  dynamical  treatments  has  made  them  less  amenable  to 
this  more  difficult  problem,  but  we  find  that  Greenberg's  (1988)  physical 
approach  can  serve  as  the  basis  for  a useful  analysis  of  it.  We  find 
that  our  method,  in  the  case  of  a uniform  disk,  gives  relationships 
between  v and  r and  between  the  coefficient  of  restitution  e and  r that 
are  similar  to  those  of  GT  at  all  values  of  r.  The  analysis  uses  a 
different  set  of  assumptions  than  those  used  in  previous  studies  of  the 
same  subject.  Thus  the  confirmation  of  previous  results  helps  strengthen 
their  credibility.  In  extending  our  method  to  the  problem  of  a disk  with 
a radial  density  gradient,  we  are  modelling  planetary  rings,  but  the 
results  may  be  applicable  to  other  astrophysical  disks  as  well,  including 
the  planetesimal  swarm  from  which  the  planets  probably  accreted. 
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In  our  analysis,  we  represent  the  population  of  a Keplerian 
particulate  disk  by  the  number  of  particles  N in  a phase  space  described 
by  the  coordinates  (V t,V r/2 ,r) , where  Vt  and  Vr  are  the  tangential  and 
radial  velocities  relative  to  a local  circular  orbit  of  radius  r. 

Particle  budget  considerations  yield  a very  simple  form  for  the  Boltzmann 
equation  in  this  space.  As  in  the  modified  Krook  approach  used  by  Shu 
and  Stewart  (1985,  Icarus  62,  360),  we  assume  that  the  collisional  source 
function  S is  an  isotropic  Gaussian,  with  a variance  reduced  by  inelastic 
collisions.  We  divide  S into  a part  Sc  that  has  circular  symmetry  in 
(Vt,Vr/2),  and  a remainder  S'  which  we  approximate  by  four  delta 
functions.  With  this  approximation,  we  solve  the  Boltzmann  equation  for 

N.  Sc  gives  rise  to  a part  of  N that  has  circular  symmetry,  and  S*  gives 

rise  to  four  circular  "streams"  that  decay  exponentially  with  azimuth 
about  the  r-axis.  Our  development  thus  does  not  make  the  standard 
assumption  that  the  velocity  distribution  is  a Gaussian;  rather,  it 
employs  a different  assumption  that,  while  also  approximate,  contains 
explicitly  the  systematic  nature  of  Keplerian  epicyclic  motion.  With 
comparatively  simple  mathematics,  our  development  predicts  relationships 
between  viscosity  v and  optical  depth  r,  and  between  the  coefficient  of 
restitution  e and  r,  that  agree  quite  well  with  the  results  of  GT  and  Shu 

and  Stewart  (1985).  The  method  is  extended  to  a radially  nonuniform 

disk,  with  allowance  for  nonzero  mean  values  of  Vt  and  Vr , as  well  as 
radial  gradients  of  r and  random  velocity.  The  radial  particle  flux  is 
obtained  directly  from  the  solution  of  the  Boltzmann  equation.  The 
result  predicts  diffusion  down  or  up  the  density  gradient  depending  on 
the  value  of  r,  when  functional  relations  between  e and  impact  velocity 
are  used  that  approximate  the  data  of  Bridges  et  al . (1984,  Nature  309,  333). 
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Fractal  Aggregates  and  Planetesimal  Formation 
S.J.  Weidenschi 1 1 ing  (Planetary  Science  Institute) 

Formation  of  planetesimals  required  concentration  of 
solid  matter  to  the  central  plane  of  the  solar  nebula. 
Small  (sub-pm)  grains  had  to  coagulate  into  larger  ag- 
gregates in  order  to  settle.  Analytic  and  numerical 
models  of  this  process  have  yielded  settling  timescales 
of  a few  thousand  years  at  r=l  AU  in  a laminar  nebula, 
with  growth  dominated  by  differential  settling,  i.e., 
larger  particles  sweeping  up  smaller  ones.  Those 
studies  assumed  spherical  particles  of  uniform  density, 
regardless  of  size,  implying  that  coagulation  of  two 
particles  produced  a spherical  body  with  the  same  total 
volume.  That  assumption  is  valid  for  coalescence  of 
liquid  drops,  but  not  for  solid  grains;  their  aggrega- 
tion typically  produces  fluffy  structures  with  irregular 
shapes.  These  have  fractal  properties,  with  density 
varying  roughly  inversely  with  size.  I have  modeled 
growth  and  settling  of  such  aggregates,  using  aero- 
dynamic  properties  determined  by  Meakin  and  Donn  (Ap.  J- 
329,  L39,  1988),  and  assuming  fractal  properties  only 
for  aggregates  < mm  in  size.  Even  if  fractal  structure^ 
exists  only  in  this  size  range,  timescales  for  "ramout 
to  the  central  plane  are  increased  by  an  order  of  magni 
tude,  to  a few  times  104y.  The  reason  for  this 
lengthened  timescale  is  not  simply  the  lower  settling 
rate  due  to  lower  paticle  density.  The  larger  cross- 
section  for  particles  of  a given  mass  makes  thermal 
motions  more  effective  for  causing  collisions.  Thermal 
coagulation  produces  a narrow  size  distribution,  pre- 
venting growth  by  differential  settling.  The  large 
area/mass  ratio  of  fluffy  aggregates  also  renders 
coagulation  much  less  effective  for  lowering  opacity 
than  for  the  assumption  of  compact  spherical  particles. 
Thus,  the  solar  nebula  was  probably  relatively  opaque 
for  an  extended  period. 
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ACCRETION  OF  THE  EARTH 

S.J.  Weidenschi 1 1 ing.  Planetary  Science  Institute 
Tucson,  Arizona 


Earth  s origin  must  be  considered  in  the  context  of  the 
formation  of  (at  least)  the  terrestrial  planets  and  the 
Moon.  The  present  paradigm  is  accretion  of  ~1012  initial 
km-sized  planetesimals  into  a few  planets.  Current  debate 
concerns  mechanisms  and  details  of  the  accretion  process 
Some  necessary  conditions  to  be  satisfied  include: 

(a)  Accretion  must  proceed  to  production  of  ^4  planets, 
although  a larger  number  of  smaller  planets  in  more  closely 
spaced  orbits  seems  stable.  The  accreting  bodies  "communi- 
cate over  distances  20.1  AU  by  acquiring  large  orbital 
eccentricities  and/or  evolution  of  semimajor  axes  by  diffu- 
sion or  systematic  drift,  e.g.  by  drag. 

(b)  Rotational  obliquities  require  a large  stochastic 
component  of  spin  angular  momentum  presumably  due  to  large 

impacts.  A systematic  prograde  component  does  not  appear  to 
be  necessary. 


(c)  Planetary  compositions  vary.  Noble  gas  content 
decreases  monotonical ly  (systematically?)  from  Venus  to 

rs‘  variations  (Fe)  do  not  appear  systematic. 

(d)  If  SNC  meteorites  are  from  Mars,  the  oxygen  isotope 
reservoir  in  the  terrestrial  planet  zone  was  nonuniform,  and 
preserved  some  variation,  but  Earth  and  Moon  have  identical 
U isotopic  compositions. 

Accretion  scenarios  divide  on  two  major  issues  and 
heir  consequences:  Was  nebular  gas  present  or  absent  during 
accretion  of  the  terrestrial  planets?  Was  the  size  distri- 
bution of  accreted  bodies  dominated  by  large  or  small 
objects  (relative  to  identifiable  planetary  embryos)?  Four 
end-member  permutations  are  possible: 

Pas~free,  Small  Bodies.  Sweeping  up  of  small 
planetesimals  by  a dominant  embryo  was  implicitly  assumed  by 
some  early  analytic  models  (1),  and  mentioned  as  a possible 
(but  not  inevitable)  continuation  of  "runaway  growth"  of  a 
smail  number  of  embryos  (2).  More  elaborate  numerical 
models  (3)  still  require  a single  "designated  embryo"  in  a 
eeding  zone  ; (a)  and  (c)  are  assumptions  rather  than 
results.  In  the  absence  of  gas.  there  seems  to  be  no  way 
or  embryos  to  clear  small  bodies  completely  from  the  spaces 
between  their  orbits.  Small  impacts  would  not  produce  sig- 
nificant variation  in  obliquities.  The  lack  of  mixing 
between  zones  would  satisfy  (d),  but  lunar  origin  is  diffi- 
cult  (4).  Accretion  timescales  are  ~107-108y. 

, ^s-free.  Large  Bodies.  Safronov’s  (5)  analytic 

model  derived  a power-law  size  distribution  dominated  by  the 
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largest  bodies.  Emergence  of  dominant  embryos  »as  con- 
strained  by  (b) , with  second  largest  bodies  10  1 

the  final  planetary  masses.  Hetherill’s  (6-8)  numerical 
simulations  of  a few  hundred  bodies  on  crossing  orbits 
result  in  growth  of  many  large  bodies,  with  no  clcat  y 
dominant  embryos  until  very  late  in  accretion.  The  last^ 
impacts  involve  very  large  mass  ratios  £ . • u 

of  orbital  angular  momentum  and  energy  imply  an  initially 
narrow  swarm  in  the  Earth-Venus  region,  with  spreading 
"e IdTngSercury  and  Mars  as  "edge  effects."  There  are  no 
distinct  feeding  zones  and  much  radial  mixing;  planetary 
compositions  are  correlated  with  location  but  with  larg 
stochastic  variations.  This  model  can  satisfy  conditions 
(a  b),  and  (c)  with  possible  exception  of  noble  gases.  it 
is* consistent  with  origin  of  the  Moon  by  giant  impact  but 
seems  to  require  coincidence  to  explain  (d),  t e impa 
and  target  must  have  the  same  0 isotopic  composi-tion. 

Accretion  timescales  are  ~10  -10  y. 

HI  Gas-rich.  Large  Bodies.  This  scenario  cor 
responds  to  the  "Kyoto”  model  (9),  which  assumes  presence  of 
the  solar  nebular  during  accretion.  The  Kyoto  scenario 
neglects  collisional  fragmentation.  Gas  drag  induces  radi 
migration,  but  it  is  slow,  due  to  the  large  sizes  of  planet- 
esimals . Accretion  timescales  are  £10  y,  which 
current  astrophysical  estimates  of  the  neb«lar  lifetime. 
Conditions  (a.b)  are  not  explicitly  treated  but  may  be 
satisfied.  ^ Earth  and  Venus  would  capture  massive,  temporary 
H-He  atmospheres  during  accretion,  causing  extensive  heating 
and  melting  of  their  outer  layers.  Their  noble  gas  systema 
tics  may  require  complex  fractionation  processes(lO)  Ihe 
Kyoto  group  assumes  a capture  origin  for  the  Moon,  but  the 

impact  model  is  not  excluded.  

IV  Gas-rich,  Small  Bodies.  This  scenario  depends  on 
gas  drag  to  bring  small  («km-sized)  fragments  of  plane tesi 
mals  to  a growing  embryo.  Radial  migration  times  can  e 
very  short,  allowing  rapid  growth,  in  <10  y.  Patterson  an 
Spaute  (11)  assume  very  weak  plane tesimals  fragmented  at  low 
impact  velocities  due  to  gravitational  stirring  y a ew 
early-formed  embryos.  Resonances  can  produce  higher  ye loci 
ties  over  distances  comparable  to  planetary  spacings  ( } , 

possibly  satisfying  (a).  In  pure  form,  this  model  yields 
only  small  impacts,  violating  (b) , but  growth  of  M embryos 
with  some  large  late-stage  impacts  is  not  ruled  out  ( ). 

Other  conditions,  including  lunar  origin,  have  not  been 
addressed  yet.  This  model  depends  on  unknown  mechanical 

properties  of  planetesimals . . 

Conclusions.  Of  the  four  basic  scenarios.  (II)  appears 
to  be  the  most  self-consistent  and  successful  at  meeting  the 
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constraints.  Scenario  (IV)  is  relatively  new  and  needs  more 
development.  The  lifetime  of  the  solar  nebula  is  poorly 
constrained,  so  "hybrid"  models,  in  which  gas  is  present 
only  at  some  early  stage  of  accretion,  are  possible.  Fur- 
ther work  is  needed  to  determine  interactions  of  relatively 
rare  large  bodies  with  smaller  bodies  in  the  swarm,  when 
continuum"  models  for  gravitational  stirring  (14)  break 
down,  and  distant  perturbations  and  resonances  may  become 
important.  There  is  little  justification  for  the  canonical 
km  sized  initial  planetesimals  (15);  the  effects  of  other 
starting  conditions  should  be  examined  to  determine  effects 
on  "runaway  growth"  of  planetary  embryos.  Accretion 
probably  involved  large  impacts  or  thermal  blanketing  by  a 
massive  captured  atmosphere,  or  both.  Thus,  it  is  highly 
probably  that  the  Earth  formed  hot  (7). 
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Thermal  and  Dynamical  Processes  In  the  Evolution  of  Planets  and 

Gatsctabert,  Department  of  Earth  and  Space  Sciences.  University  of 
California,  Los  Angeles,  L.  A.,  CA  90024 

We  wrote  a review  paper.  "Mercury's  Thermal  Histo^and^he^ener.tion 

of  its  Magnetic  Field,"  by  G.  Schubert,  M.  . ’ Mercury  model 

Spohn,  for  the  University  of  Arizona  Press,  ^ advocated  a ^ 

with  a hot  start  and  early  core  formation  M, y the6core  is  prevented 
and  partially  freezes,  but  complete  solidification  of  the^core^  ^ 

by  the  depression  of _ the _ core- freezing  P 0uter  liquid  core  to  the 

It  is  possible  to  raa^^  C°^ethe° dynamo  generation  of  Mercury's  magnetic 

f ield"'  Tidal^eatlng  i"  rhe  inner  solid  core  may  have  been  a significant 

SOUTe  have"used  Ool^THc,  radar  observati.n^of^ar^durin^the 

1971-1982  oppositions  to  study  the  morphology  Degraded 

rathe^than'overall'low^reiief  distinguishes  the  large  degraded  craters  m 

Krth-sTc^Tofs  and  Schubert  1«^  “fdisU^ S. 

been  the  main  energy  sink  in  the  Earl *-Moon  , system.  oce.  ^ ^ 

a relatively  small  effect  over  geo  og  ’ transferred  from  the  Earth 

to  Se^oon  if Tc£l<£™  oft^coming^iversity  of  Arizona 

Press^oo^i^Evolution^of^the^Atoospheres^Interiors^of ^Planets  ^n<*gpeep) 

evolve  in  a coupled  manner.  P y , r in  detail  The  major 

TZltlTec^  ViSC°Sity 

and  degree  of  partial ted1tid!i°heIting1of  Enceladus  using  multilayered 

We  have  lnVaS“S^6^^  satellite  (Ross  and  Schubert,  1989b).  Dissipa- 
viscoelastic  models  of  th  , gon  GW  at  t^e  current 

tion  on  Enceladus  can  be  as  arge  as^  than  previousiy  thought. 

r^^tffuitrof  interio/structures  capable  of  large  amounts  of  tidal 

heating  is  one  that  includes  a suggest thataEnceladus ' 

thermafand  d^fmlcal  "option  may  have  been  relatively  simple,  involving 

°nlywf havefons true ted° interior  models^of^Mimasthat^are  -sistent^ith 

its  observed  density  and  triaxial  e ip  consistent  with  the  observed 

1988).  A variety  of  internal  st  ^SiSu.  with  an  ice 

shape  and  density.  Mimas  coul  be^  have  a low  density,  porous 

outer  iceeiaJerrsufounding  a homog^eous  ice-rock  interior.  Mimas  need 
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not  be  m hydrostatic  equilibrium,  however.  It  could  be  a homogeneous  body 

Ldulu"  oefai01KPaithOSPhere  ab0Ut  20  k”  thICk  havi"5  “ *•»« 

r^i”6  S^died  the*  implications  of  the  atmospheric  inventories  of  the 

diogenic  noble  gases  He  and  Ar  for  the  tectonic  processes  in  planetary 
interiors  (Turcotte  and  Schubert,  1988).  All  the  *°Ar  and  *He  in  the 
Earth  s atmosphere  can  be  obtained  by  only  a partial  outgassing  of  the 
^^1^  An  even  lesser  amount  of  mantle  outgassing  suffices  to  account  for 
the  Ar  in  Venus  atmosphere.  The  small  amount  of  *°Ar  in  the  atmosphere 

sLce^he0?  be  °^tained  only  a negligible  degree  of  mantle  outgassing 
interior6  l t V?JC??°eS  °n  Mars  substantial  degassing  of  thf 

J ’,the  ama11  Ar  c°ntent  of  the  atmosphere  supports  the  suggestion 

mfteorJtesm°SP  * ^ * C°llisions  with  Planetesimals  and  ifrge 

modenod°hv  rebaxa^ion  of  craters  on  the  icy  satellite  Ganymede  has  been 
odelied  by  a finite  element  numerical  approach  that  takes  into  account  the 
nonimeer  stress  dependence  and  the  temperature  dependence  of  ice  rheology 
(homes  and  Schubert,  1988).  Recent  laboratory  determinations  of  ice 

are  in?orpLatedminerb  Undar^emPerature  conditions  appropriate  to  Ganymede 
3 ^orporated  in  the  modelling.  Computed  relaxation  times  of  craters 

with  diameter  < 100  km  are  shorter  than  the  population  of  these  craters  on 

no^!l1WOhlld  !UgfSt-  ThlS  indicates  that  either  the  laboratory  data  are 
not  applicable  to  Ganymede  or  that  other  effects,  such  as  silicate 

suspensions  or  dispersion  hardening,  stiffen  the  ice  on  Ganymede. 

. We  have  calculated  spatial  distributions  of  tidal  heating  in  layered 
viscoelastic  models  of  Io  (Segatz  et  al.,  1988).  Tidal  heating  is 

sphere trheariat  *qUatOX:  if  dissiP*tion  occurs  mainly  in  an  astheno- 
sphere  heating  is  concentrated  at  the  poles  if  dissipation  occurs 

roug  out  o.  Equatorial  hotspots  and  the  concentration  of  Prometheus - 
type  plumes  near  the  equator  favor  asthenosphere  heating.  Io's  observed 

existence  of  an  Fe-FeS  core  with  a radius  of  about 

In  a more  recent  study,  we  calculated  global  topography  for  multilayer 
manrle^R  With  dlasiPation  occurring  in  a viscous  asthenosphere  and  a solid 

observed  ^ ^ ^ ’ 198V  ' The  derived  topography  was  compared  with 
al  t-n  pograPhlc  variations  which  feature  alternating  basins  and  swells 
along  the  equator  and  moderately  elevated  or  depressed  rfgions  at  the 
poles.  Theoretical  models  match  observations  if  about  2/3  of  the  tidal 
heating  occurs  in  a partially  molten  asthenosphere  and  1/3  occurs  in  the 
underlying  solid  mantle.  In  addition,  the  modelling  suggests  that  Jo's 
lithosphere  is  compositionally  distinct  from  the  asthenosphere. 
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SOLAR  SYSTEM  DYNAMICS 


Jack  Wisdom,  Department  of  Earth,  Atmospheric  and  Planetary  Sciences, 
Institute  of  Technology,  Cambridge,  Massachusetts  02139 


Massachusetts 


I.  Chaotic  Evolution  of  the  Orbit  of  Pluto 

One  of  the  most  outstanding  questions  in  dynamical  astronomy  is  the  nature  of  the 

fV°iUitlOU,  °l  the  solar  system  Obviously,  the  great  age  of  the  solar  system 
suggests  a high  level  of  stability,  but  instabilities  may  still  be  present.  We  have  previously 
shown  that  asteroids  near  mean-motion  commensurabilities  with  Jupiter  may  appear  to  be 
stable  for  many  millions  of  years  and  then  suddenly  the  orbits  become  irregular,  developing 
arge  planet-crossing  eccentricities.  Thus,  the  stability  of  the  solar  system  must  not  be 
aken  for  granted.  In  fact  one  would  not  at  all  be  surprised  to  find  instabilities  with 
timescales  of  order  the  age  of  the  solar  system  since  such  instabilities  would  not  have  had 
time  to  damage  the  system.  We  have  carried  out  a near  billion  year  integration  of  the  outer 
planets  with  the  Digital  Orrery  (Applegate,  et  al.,  1985)  to  address  this  question  of  the 
stability  of  the  solar  system.  Our  numerical  integration  indicates  that  in  fact  the  motion 
ot  the  planet  Pluto  is  chaotic.  Furthermore,  the  timescale  for  exponential  divergence  of 
nearby  trajectories  is  only  20  million  years,  which  is  remarkably  short  compared  to  the  aee 
of  the  solar  system.  ° 

Our  new  integration  is  significantly  longer  and  more  accurate  than  all  previously 

^n^nnn0118'^01*  mtegratlo?s o( The  outer  planets.  Those  integrations  include  the  classic 
±500,000  year  integration  of  Cohen,  Hubbard,  and  Oesterwinter  (1973),  the  6 million 

f ONP® tTcS  and/akai  I1®®?).  ±5°  miUion  ye«  integration  of  project 

iQ8«^^ri^P  (Nobili,  198 <),  and  our  ±100  million  year  integration  (Applegate,  et  al. 
iy»t>).  1 he  rate  of  growth  of  errors  in  these  integrations  are  all  comparable.  They  lead 
to  an  estimated  error  in  the  longitude  of  Jupiter  of  about  50  degrees  after  100  million 
yfars/  cnn  Lrick  *ia®  aii°we(i  us  to  improve  the  conservation  of  energy  by  a factor  of 
about  600  We  have  verified  that  the  improved  conservation  of  energy  is  accompanied  by 
correspondingly  smaller  position  and  velocity  errors.  In  our  new  integration  the  estimated 
error  in  the  longitude  of  Jupiter  after  100  million  years  is  now  only  4 minutes  of  arc,  and 
alter  the  full  845  million  years  of  our  new  integration  the  error  in  the  longitude  of  Jupiter 
is  estimated  to  be  only  5 degrees.  The  estimated  error  in  the  longitude  of  Pluto  after  845 
million  years  is  only  10  minutes  of  arc. 

Exponential  divergence  of  nearby  trajectories  is  the  hallmark  of  chaotic  behavior.  For 
*1  jWC  measurecl  the  ra,e  °f  divergence  of  nearby  trajectories  by  two  independent 
methods.  The  results  of  the  two  methods  are  in  excellent  agreement.  Both  methods 
indicate  that  nearby  trajectories  diverge  exponentially.  Thus  our  calculation  indicates 
that  the  motion  of  the  planet  Pluto  is  chaotic.  The  timescale  for  exponential  divergence 
is  only  20  million  years.  Again,  this  is  a remarkably  short  divergence  time  considering  the 
age  ot  the  solar  system. 


Usually  the  demonstration  of  exponential  divergence  of  trajectories  only  confirms  what 
is  already  visible  to  the  eye:  chaotic  trajectories  look  irregular.  In  this  case  the  plot  of  the 
orbital  elements  of  Pluto  do  not  look  particularly  irregular.  The  irregularity  of  the  motion 
can  however  be  seen  in  the  power  spectra.  The  fourier  transforms  of  the  orbital  elements  of 
Neptune  appear  consistent  with  the  line  spectrum  expected  of  a quasiperiodic  trajectory. 
On  the  other  hand,  the  fourier  transforms  of  Pluto’s  orbital  elements  has  a broad  band 
component  which  is  characteristic  of  chaotic  motion.  The  lack  of  obvious  irregularity  in 
the  orbital  element  plots  simply  means  that  the  region  of  the  chaotic  zone  in  which  Pluto 
is  currently  moving  is  rather  small. 

As  yet  we  know  nothing  about  the  shape  of  the  chaotic  zone.  It  may  open  up  to 
a larger  region  of  the  chaotic  zone,  in  which  case  Pluto  could  relatively  suddenly  begin 
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to  behave  more  irregularly,  at  actually  occurs  in  numerical  simulations  of  the  motion  of 

asteroids  on  chaotic  trajectories.  An  Account 

This  work  was  carried  out  in  collaboration  with  Gerald  1.  5—  (MIT).  An  account 
of  the  highlights  of  this  work  has  been  published  in  Science,  241,  43  . 

TT  Tidal  Evolution  of  the  Uranian  Satellites 

We  have  carried  out  a thorough  systematic  ^heji^a  ^vo  u ,on  o ^ re 

commensurabilities,  the  anomalously  arge  lnc,  *1,  j geologic  histories  of  Miranda 
free  eccentricities  of  Miranda  and  Ariel  and  the  accounted 

and  Ariel  as  indicated  by  Voyager  lin  g ■ , throueh  mean-motion  commensura- 

of  the  mysteries  the 

satelhte^  ^ ,he  „ th  ot  a resonance, decrees  as  th  ^“o.^  »rer 

therefore  concentrated  our  efforts  on  s " ^ ^ second  order  resonances  is  the 

resonances.  The  most  recently  been  encountered  if 

5:3  resonance  between  Ariel  and  IJjn  • h that  there  is  a significant  chaotic 

the  Q of  Uranus  is  less  than  about  100, UUU.  we  iouna  “ . £s  the  resonance 

zone  associated  with  this  resonance,  even  m e eccentricities  of  both  Ariel  and  Umbriel. 
is  encountered  there  are  chaotic  variati  . ricities  tend  to  gradually  increase  as  long  as 

As  tidal  evolution  Proceed®’  presence  of  the  chaotic  zone  makes  the  standard  single 

the  trajectory  remains  chaotic.  Th  p inannlicable  In  our  numerical  studies  the 

resonance  model  of  passage  through  "eJ°"^ss aRe  through  resonance  was  0.023,  which  is 
largest  eccentricity  obtained  by  Ariel  dur  g P 8 ^ thermal  history  of  Ariel.  Inclusion 

Sftc*^" 

thatPthn  dynamics  of  resonance  passage  is  stdl 
qualitatively  the  same  as  in  the  planar  model.  , .f  , n f xyranus 

■ T1;,e  3:1  U particularly  interwt- 

ingOT5As^theacomrnen's^ibility  i^^Ppro8^*^!1*  ^pgj'^ppf^nmUon'^ordeHo 

encountered  first.  We  began  our  study  with  t ^ *ctf0Pns.  We  found  that  the 
understand  the  structure  of  the  phase  spa  • controlled  by  a new  dynamical  mech- 

passage  through  the  suite  of  mchnation  re  probability  by  the  inchnation  resonances; 

anism.  The  system  , s initially  Subsequent  evolution  carries 

in  this  case  the  probabilities  can  all  be  estim  ^ , observed 4.2°.  As  the  inchnation 

the  inchnation  to  large  values  comparable^ to  the  cur  of  section  reveal  that  the 

increases,  the  strengths  of  the  resonances  increases^Uie^su of  these  chaotic 

separatrices  of  the  inchnation  resonances  g ultimately  the  primary  resonances  are  so 

separatrices  agrees  weU  with  analyt.c  ^p  an/large  scale  chaotic 

strong  that,  in  perturbat.on  h«,ry  the  r zones  ?’  the  phase  space  need 
behavior  ensues.  However,  the  ...  , ...  ® stable  quasiperiodic  resonance  is 

not  affect  the  motion  smee  small  As  the  evolution  carries 

also  generally  possible.  Next,  a v^rY  1 v of  the  libration  in  the  resonance  changes. 

the  inclination  to  higher  values  the  frequency  of  t^  hbmt^m  th'  and  ^ 

The  system  encounters  secondary  resonances  between , the  lr^ne  y center 

frequency  which  splits  the  primary  mchnation  resonances.  The  periodic 
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of  the  Ubration  zone  undergoes  bifurcation,  and  new  stable  islands  are  shed.  If  the  system 
is  captured  into  one  of  these  secondary  islands,  the  system  is  dragged  out  of  the  libfafinn 
region  with  these  islands.  Thus  we  have  identified  a specific  dynamicaf mechanism  wb  °E 

7oneTl|he  SytStCm  to  efCape  from  a ,stabIe  Oration  into  the  chaotic  zone.  From  the  chaotic 
zone  the  system  may  be  recaptured  into  the  Ubration  region  and  then  again  be  ejected  by 

from  tb  I rg  °f  SeC°"da^  ^sonances.  Escape  occurs  when  the  trajectory  isTapIured 
from  h ha°tlC  Z°ne  mt°  th-e. ' 3uasiPeriodic  circulation  region.  Miranda  often  emerges 
from  the  resonance  passage  with  an  inclination  near  that  observed.  We  have  also  studfed 
Hi  Passagc  with  the  orbital  eccentricities  included.  We  found  that  the  passage  through 
the  suite  of  inclination  resonances  was  relatively  unaffected  by  the  eccentricity  resonances 
However,  there  is  a large  chaotic  zone  associated  with  the  eccentricity  resonances  which  is 
encountered  after  passage  through  the  inclination  resonances.  The  eccentricity  of  Miranda 

nLb  U felatl7uy  1&T  Values  before  escaPmg  from  the  chaotic  zone.  Tidal  heSnf 
hich  results  from  the  induced  eccentricity  could  have  had  some  effect  on  the  thermal 

ecce^t^'icitv'tff1  Mfrarula^  Ii°t  “J  ,arge  jcale  melting-  The  current  anomalous 

\i  J “d  cau  plausibly  be  understood  as  a tidal  remnant  of  a large  eccen- 

witbfr  »dMnng  passa*f  ^rough  the  3:1  resonance,  if  resonance  passage  occurred 

MfranJf  *ni  blIbon  yfarsn  Inclinations  comparable  to  the  anomalousP4.2°ginclination 
if  Miranda  still  arise  naturally  upon  passage  of  Miranda  through  the  3:1  resonance  with 
l mbriel.  This  gives  compelling  evidence  that  this  resonance  has  indeed  been  encountered 
which  in  turn  constrains  the  Q of  Uranus  to  be  less  than  about  39,000.  ’ 

Another  important  constraint  on  the  rate  of  internal  dissipation  in  Uranus  comes 
from  the  examination  of  the  2:1  Ariel-Umbriel  commensurability.  This  resonance  provides 
bar.ner  to  further  evolution.  Our  simulations  have  indeed  confirmed  that  with 
P !r 'll  V?!!1?!  ecc^ntriclties  Passage  through  this  resonance  is  very  unlikely  We  have 
studied  both  the  effects  of  secular  interactions  and  inclinations.  Tlmugh  there  are  sec 
""dary  bifurcations  as  we  found  for  the  3:1  Miranda- Umbriel  commensurabihty  in  this 
case  they  do  not  lead  to  escape  from  the  resonance.  The  2:1  Ariel-Umbriel  resonance  thus 
appear®  ° Ae. a11  absolute  barrier  to  tidal  evolution.  In  order  for  it  to  have  never  been 
encountered  the  Q of  Uranus  must  be  greater  than  about  11,000. 

lb*  n"  sVinmary>ye  have  carried  out  an  extensive  investigation  of  the  tidal  evolution  of 

princiDaTresuhse  ar  ^ T”*  importaat  mean-motion  commensurabiUties.  Our 

p mcipal  results  are:  (1)  Mean-motion  commensurabilities  among  the  Uranian  satellites 

are  all  associated  with  significant  chaotic  zones.  The  existence  of  these  chaotic  zones 
dramatically  changes  the  dynamics  of  resonance  passage  and  the  probabilities  of  various 

rniiTAf5  ti  assage  through  the  3:1  Miranda- Umbriel  commensurability  naturally  ac- 
counts  for  the  anomalous  4 inclination  of  Miranda.  (3)  Miranda  acquires  a moderately 

ferf  deCfCe*nbrlCltyi  paf^gn  through  the  3:1  commensurability,  which  could  hale  al 

lerv 1,nlikdvrThehOt«PlT(4)  PassaSe,thr°ugh  the  2:1  Ariel-Umbriel  commensurabihty  is 
very  unlikely.  The  Q of  Uranus  must  be  in  the  range  11,000  < Q < 39,000  to  avoid  the 

2.1  resonance  but  allow  passage  through  the  3:1  Miranda-Umbriel  resonance. 
w....Thls  Tork  has  been  carried  out  in  a continuing  collaboration  with  my  graduate  student 

rfArTnl1 'tTT’h0  15  n°W  Assiltant  Pr°feLSSOr  °f  P,aneta^  Science  ft  the  University 

and  Icarus  78  pap^rs  on  th,s  research  have  been  published:  Icarus,  74,  172-230, 

and  Icarus , 78,  63-89.  A third  has  been  submitted  to  Icarus. 
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CHAPTER  5 


PLANETARY 


INTERIORS,  PETROLOGY, 
GEOCHEMISTRY 


AND 


Composition  and  Dynamics  of  the  Earth’s  Mantle 

Raymond  JEANLOZ 

Dept.  Geology  and  Geophysics,  Univ.  California,  Berkeley,  CA  94720 


Ultrahigh  pressure-temperature  experiments  with  the  laser-heated  diamond  cell  document 
that  the  major  phases  comprising  the  Earth's  lower  mantle  are  (Mg,Fe)Si03  and  CaSi03 
perovskites  coexisting  with  (Mg.Fe)O  magnesiowustite.  Thermal  equations  of  state 
(pressure— volume— temperature  relations)  are  derived  for  assemblages  of  these  phases  based  on 
experimental  measurements  of  compressibilities,  thermal  expansions  and  related  properties,  all 
of  which  are  fitted  to  a physically-based  formulation  for  the  temperature-dependent 
compressibility:  the  anharmonic  Eulerian  finite-strain  equation  of  state.  A comparison  with 
seismological  profiles  of  density  and  compressibility  vs.  depth  (implicitly  pressure)  within  the 
Earth  demonstrates  that  the  lower  mantle  is  approximately  5 (±2)  percent  denser  than 
assemblages  of  upper  mantle  composition  that  are  characterized  by  a ratio  of  Mg  to  Fe 
components  Mg/(Mg+Fe)  > 0.88.  A satisfactory  fit  to  lower-mantle  properties  is  obtained  with 
Mg/(Mg+Fe)  = 0.80  (±0.02),  more  iron-rich  and  possibly  more  Si  rich  than  the  upper  mantle, 
but  this  is  not  a unique  interpretation.  Therefore,  the  mantle  is  stratified  in  that  it  consists  of 
two  regions  of  fundamentally  different  rock  type  or  bulk  composition:  the  upper  mantle  which 
is  readily  sampled,  and  the  lower  mantle  that  comprises  over  60  (atomic)  percent  of  the  Earth 
but  is  not  easily  sampled. 

The  intrinsic  density  difference  inferred  to  exist  between  the  upper  and  lower  mantle  is 
sufficient  to  keep  these  regions  dynamically  separated.  That  is,  although  some  leakage  is 
possible  between  the  convecting  upper  and  lower  mantle,  intermixing  of  these  regions  must  be 
small  over  geological  time  in  order  that  these  regions  remain  distinct.  Consequently,  transfer  of 
heat  out  of  the  Earth's  deep  interior  is  inhibited  by  the  (inferred)  stratification  of  the  mantle,  and 
temperatures  in  the  lower  mantle  are  likely  to  be  high:  above  about  2500  K,  or  near  the  melting 
point  of  the  perovskite. 

A mechanism  by  which  the  mantle  could  have  become  stratified  is  that  melting  and 
differentiation  processes  are  intrinsically  different  in  the  uppermost  mantle  and  in  the  lower 
mantle.  Specifically,  experiments  demonstrate  that  whereas  melts  near  the  surface  are  buoyant 
and  escape  to  the  surface  on  a short  geological  time  scale,  melts  at  depth  are  essentially 
neutrally  buoyant.  Therefore,  melt  extraction  and  differentiation  are  inefficient  at  lower-mantle 
conditions.  It  is  for  this  reason  that  the  upper  mantle  may  have  been  effectively  differentiated 
through  the  formation  of  continents  and  through  plate-tectonic  processes,  while  the  lower 
mande  has  remained  relatively  unprocessed  throughout  geological  history. 

Current  thinking  is  that  the  Moon  was  likely  formed  by  a major  impact  on  Earth  early  in 
geological  history.  If  correct,  this  suggests  that  the  bulk  lunar  composition  is  closely  related  to 
the  composition  of  the  Earth's  lower  mantle  (the  role  of  the  Earth  s core  is  uncertain  in  such 
scenarios  of  lunar  origin).  Indeed,  the  best  existing  estimates  of  lunar  composition  are 
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compatible  with  the  observed  properties  of  the  lower  mantle.  Prior  thinking  that  has 
emphasized  the  difference  between  the  composition  of  the  Moon's  mantle  and  the  Earth's 
mantle  has  been  based  on,  hence  biased  by,  estimates  of  upper  mantle  composition.  Though 
highly  speculative,  it  is  possible  that  the  composition  of  the  Moon  is  more  representative  of  the 
Earth's  bulk  silicate  composition  (excluding  the  most  volatile  constituents)  than  is  the 
composition  of  the  upper  mantle. 


Ultrahigh  P-T  Experiments,  the  Core-Mantle  Boundary  and  Geomagnetic 
Variations:  A New  Electromagnetism  of  the  Earth 
Raymond  Jeanloz  and  X.  Li,  Dept.  Geology  and  Geophysics,  University  of  California, 
Berkeley,  CA  94720;  E.  Knittle  and  Q.  Williams,  U.  California,  Santa  Cruz,  CA  95064 


Results  of  ultrahigh  pressure-temperature  experiments  with  the  laser-heated  diamond  cell 
show  that,  i)  the  lower  mantle  consists  predominantly  of  the  silicate  perovskite  high-pressure 
phase  coexisting  with  (Mg,Fe)0,  ii)  this  assemblage  is  electrically  insulating  at  conditions 
throughout  the  deep  mantle,  iii)  the  temperature  at  the  base  of  the  mantle  is  5000  (±  1000)  K, 
significantly  higher  than  previously  thought,  and  j'v)  liquid  Fe-rich  alloys  react  aggressively 
with  the  high-pressure  silicate  assemblage  to  form  mixtures  of  metallic  alloys  and  insulating 
oxides  at  the  conditions  of  the  core-mantle  boundary.  Assuming  that  no  secondary  phases  are 
present,  we  infer  from  our  measurements  that  the  entire  mantle  above  D"  is  insulating 
(electrical  conductivity  a < 10-2  S/m);  hence  it  is  a completely  transparent  window  for  the 
geomagnetic  field,  contrary  to  previous  thinking.  Our  experiments  suggest  that  the  Earth's  core 
and  mantle  must  react  vigorously  over  geological  time,  forming  a heterogeneous  layer  at  the 

base  of  the  mantle  with  a varying  laterally  by  over  8 orders  of  magnitude  (viz.  D"). 
Therefore,  temporal  fluctuations  of  the  internal  geomagnetic  field  are  not  directly  related  to  the 
flow  field  in  the  core,  as  has  been  assumed  in  most  analyses  of  the  field  to  date.  Instead,  we 
expect  that  effects  of  induction  and  magnetic  diffusion  are  significant  if  not  overriding  at  the 
bottom  of  the  mantle.  If  correct,  this  also  implies  that  paleomagnetic  observations  of  field 
reversals  show  a severely  distorted  picture  of  the  geodynamo;  they  may  primarily  be  revealing 
the  paleostructure  of  the  core-mande  boundary. 
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GIANT  IMPACT  THEORY  OF  THE  MOON'S  ORIGIN:  IMPLICATIONS  FOR 

THE  THERMAL  STATE  OF  THE  EARLY  EARTH  8^721 

H J Melosh  , Lunar  and  Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ  85721, 
and  M.  E.  Kipp,  Sandia  National  Laboratory,  Albuquerque,  NM  87185. 

Ideas  on  the  early  thermal  structure  of  the  earth  have  evolved  rapidly  over  the  last  few 
decades.  Most  of  this  evolution  is  ultimately  traceable  to  the  size  of  the  P,a^t^1^'s  f12^ 
which  the  earth  is  believed  to  have  formed.  Less  than  twenty  years  ago  most  authors  (eg.  1 ,2) 
supposed  that  the  earth  accreted  from  myriads  of  small  planetesimals  that,  upon  impacting  the 
surface  of  the  growing  proto-earth,  proceeded  to  radiate  most  of  their  heat  to  space.  Under 
such  condition!  the  earth  would  have  had  to  accrete  over  the  remarkably  short  interval  of  0.5 
Myr  (1)  if  melting  temperatures  were  to  be  reached  any  where  within  its  interior  ss  an 
years  ago  Kaula  (3)  realized  that  if  most  of  the  planetesimals  are  in  the  30-100  km  diameter 

range  then  a large  fraction  h (where  h = 0.5)  of  their  original  kinetic  and  gravitational  energy 
would  be  buried  below  the  earth's  surface  at  depths  too  large  for  conductionorradiationto 
easily  dissipate  it  to  space.  Kaula’s  model  predicts  that  the  temperature  distribution  in  a 
growing  planet  is  a parabolic  function  of  radius  R in  the  planet,  increasing  from  the  inside ■ o 
fhe  planet  toward  the  surface  as  R2  until  the  solidus  is  reached,  at  which  point  liquid  convection 
OTSSSiS  between  the  liquidus  and  solidus.  This  initial  temperature  inversion 
would  have  been  wiped  out  by  core  formation  as  density-driven  convection  mixed  the  initially 
cool  interior  with  the  hotter  external  regions  (as  well  as  released  more  gravitational  energy^ 
This  model  permits  the  earth  to  grow  over  the  much  longer  interval  of  ca.  50  Myr,  which 

more  in  consonance  with  the  predicted  dynamical  growth  timescales. 

Most  recently  it  has  been  suggested  that  the  moon  formed  as  a result  of  a colhsion  tetvwn 
the  proto-earth  and  a Mars-size  planetesimal  (4).  Computations  by  Wethenl  (5)  show  that 
large  impacts  of  this  kind  are  plausible  events  near  the  end  of  pianetaiy  accretion,  about 
Mvr  after  accretion  began.  The  chemistry  of  the  moon,  particularly  its  low  abundance  of 
metallic  iron,  suggests  that  the  earth's  core  had  already  formed  at  the  time  the 
impact  event  took  place.  The  initial  state  of  the  earth  s mantle  is  unknown  although  the  10  J 
released  by  core  formation  (if  the  earth  was  initially  homogeneous)  would  have  been  enough  to 
Si!e  the  mean temperature  of  the  earth  1 ,500  °K.  Thus,  the  earth's  eaily  mantle  was  probably 
already  molten  at  the  time  of  the  impact.  Even  if  it  was  not,  we  will  show  below  that  an  impact 
energetic  enough  to  have  ejected  the  moon  would  certainly  have  left  the  entire  mantle  molten 

^an* The^dea  ofa Mare-size  impactor  was  first  suggested  by  the  anomalously  large  angular 
momentum  of  the  earth-moon  system.  It  is  easy  to  show  the  present  angular  momentum  could 
have  been  imparted  only  by  the  impact  of  a body  with  a mass  in  the  vicinity  of  that  of  Mars, 
although  other  factors  such  as  impact  velocity  and  impact  parameter  (a  me“ure  ol^he  o JJK 
of  the  impact)  also  play  a role.  The  total  energy  that  such  an  impact  would  add  to  the  earth  is 
the  sum  of  the  projectile's  gravitational  potential  energy,  ca.  6.7  x 106  J/kilogram  of  the  earth, 
and  the  projectile’s  kinetic  energy,  0.054  v2  per  kilogram  of  the  earth,  where  v is  the  encounter 
velocitybetween  the  projectile  and  the  proto-earth.  Taking  a typical  silicate  heat  capacity  of 
700  J/kg°K  and  a latent  heat  of  melting  of  4.2  x 105  J/kg,  this  implies  that  even  if  the  en  i 
earth's  mantle  started  out  cold,  the  distributed  energy  of  the  impact  would  raise  the  earth  s 
mean  temperature  nearly  9,000  °K  for  v=0.  For  v=10  km/sec  the  mean  tem^ra  urewou  n 
by  more  than  16,000  °K.  Given  a mantle  liquidus  in  the  neighborhood  of  3000  K (6),  it 
clear  that  melting,  even  vaporization,  must  be  widespread  in  such  a collision. 

Although  the  total  energy  available  from  the  collision  of  a Mars-size  projectile  with  the 
proto-earthfis  impressive,  the  distribution  of  the  energy  within  the  earth  is  equally  important. 
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If,  as  has  been  suggested  by  Stevenson  (7),  this  energy  is  mainly  expended  in  vaporizing  the 
projectile,  the  earth  may  acquire  a transient  silicate  vapor  atmosphere  without  strongly  heatin" 
the  deeper  mantle.  Some  simple  considerations  of  the  physics  of  impact  cratering  makes  this 
situation  unlikely,  however.  When  two  bodies  collide  at  high  speed,  strong  shock  waves 
propagate  from  the  point  of  the  impact  into  the  adjacent  target  and  projectile.  These  shock 
waves  weaken  as  they  spread,  with  the  maximum  pressure  falling  off  approximately  as 
^o(r/rp)z-J,  where  P0  is  the  pressure  at  the  contact  between  projectile  and  target,  rD  is  the 
projectile  radius  and  r is  the  distance  from  the  impact  site.  Although  the  complex  geometry  in  a 
planet-sized  collision  makes  this  relation  difficult  to  apply  exactly,  it  suggests  that  if  rD  is 
roughly  half  the  earth's  radius,  the  shock  pressure  at  the  earth's  center  is  at  most  a factor  5 less 
that  Pp.  But  even  in  the  lowest  velocity  impact,  when  the  projectile  strikes  at  the  earth's  escape 
velocity ,11.2  km/sec,  Po  is  on  the  order  of  240  GPa,  so  that  the  shock  pressure  perturbation 
deep  in  the  earth  generally  exceeds  about  50  GPa.  This  is  close  to  the  shock  pressure  needed 
to  cause  melting  in  initially  cold  rocks. 

, address  the  temperature  rise  in  the  earth  more  exactly,  we  have  performed  a series  of  2- 
dimensional  numerical  hydrocode  computations  designed  to  simulate  the  impact  between  the 
proto-earth  and  a Mars-size  protoplanet.  We  used  the  code  CSQ  II,  implemented  on  the  Cray 

supercomputers  of  the  Sandia  National  Laboratory.  This  computation  uses  realistic 
equations  of  state  for  dumte  in  the  mantles  and  iron  in  the  cores  of  the  two  colliding  planets. 
The  earth  has  a central  gravitational  field,  and  is  initially  adjusted  so  that  it  has  a temperature 
profile  sumlar  to  that  of  the  present-day  earth.  These  models  thus  start  out  relatively  cold 
with  the  mantle  temperatures  initially  below  the  solidus  of  dunite.  We  have  performed 
computations  at  a variety  of  initial  velocities  and  impact  parameters,  including  pairs  that  give 
the  earth-moon  system  its  present  angular  momentum. 

At  the  lowest  velocity  (v=0),  for  impact  parameters  of  0.5,  0.88,  1.0,  and  1.25  times  the 
earth  s radius,  the  strongest  heating  upon  impact  is  initially  confined  to  the  hemisphere  on 
which  the  projectile  strikes.  Temperatures  rise  typically  3,000  to  4,000  °K  between  the  site  of 
the  impact  and  the  earth's  core.  Unfortunately,  our  computations  do  not  extend  to  long  enough 
times  for  the  entire  projectile  to  merge  with  the  earth  in  the  high  impact  parameter  runs.  In 
these  cases  we  had  to  stop  the  computation  while  some  of  the  projectile  was  still  falling  on 

™ of  th,e  ear|f1,more  distant  from  the  impact  site.  In  these  cases  we  believe  that  more  than 
half  the  mantle  will  be  strongly  heated,  so  the  quoted  results  must  be  seen  as  a lower  limit. 

1 he  results  for  the  higher  impact  velocity  v = 7.8  km/sec  are  more  spectacular  For  all  the 
impact  parameters  studied  (0.5,  0.59,  1.0,  and  1.25  earth  radii)  the  mantle  was  heated  nearly 
umformly  by  3,000  to  4 j)00  °K.  The  projectile’s  core  was  almost  entirely  vaporized,  being 
heated  to  more  than  8,000  K after  release  from  high  pressure.  A fast,  much  hotter  vapor 
plume  also  carries  several  lunar  masses  of  material  out  along  trajectories  that  eventually  take  up 
elliptical  orbits  about  the  earth.  y p 

These  computations,  in  conjunction  with  the  more  general  considerations  described  above 

c?i  ™ 3La  r0^1?8  would  have  had  a profound  effect  on  the  earth's  thermal 

w/mJ  Sh<?Cki  produ,ced  by  ^e  impact  would  have  heated  the  earth  to  great  depths,  raising  at 
least  the  hemisphere  adjacent  to  the  impact  above  the  melting  temperature.  There  seems  to  be 
no  way  to  avoid  the  conclusion  that  a large  moon-forming  impact  is  inevitably  accompanied  by 
widespread  melting  of  most  or  all  of  the  earth's  mantle.  This  scenario  raises  implications  for 
the  geochemistry  of  the  earth  that  will  be  dealt  with  in  an  accompanying  abstract  (8). 
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A WELL  STIRRED  MAGMA  OCEAN:  IMPLICATIONS  FOR  CRYSTAL 

SETTLING  AND  CHEMICAL  EVOLUTION 

W.  B.  Tonks  and  H.  J.  Melosh,  Lunar  and  Planetary  Laboratory,  University  of  Arizona, 
Tucson,  AZ  85721. 


The  cooling  of  a magma  ocean  is  the  generally  accepted  explanation  of  the  observed 
dichotomy  between  the  Europium-enriched  anorthositic  crust  and  the  Europium-depleted 
basaltic  source  regions  of  the  moon  (i.e.  Wood,  1970).  Since  the  Earth  does  not  have  this 
distinctive  signature,  it  has  been  argued  by  a number  of  workers  (i.e.  Kato  et.  al.  (1988)  and 
Drake  et.  al.  (1988))  that  it  never  had  a magma  ocean.  However,  the  accretion  models  of 
Kaula  (1979),  together  with  the  energetics  of  core  formation  strongly  suggest  that  if  the  moon 
had  a magma  ocean  the  Earth  should  have  had  one  also.  This  is  especially  true  if  the  moon 
was  formed  by  the  giant  impact  of  a Mars-sized  body  as  noted  in  the  works  of  Melosh  and 
Kipp  (1988)  and  Cameron  and  Benz  (1988). 

The  cooling  of  a magma  ocean  was  studied  in  detail  by  Hofmeister  (1983).  She 
assumed  that  crystals  are  removed  from  the  magma  when  formed  and  modeled  the  chemical 
evolution  as  a batch  fractionation  process  resulting  in  a layered  structure  very  different  than  the 
present  Earth.  It  seems,  however,  that  the  effect  of  convection  in  keeping  the  magma  ocean 
well  stirred  has  not  been  taken  into  account  in  the  past.  This  work  is  a preliminary  analysis  of 
this  effect.  It  is  presumed  (McBirney  and  Murase,  1984)  that  the  magma  behaves  as  an 
ordinary  liquid  until  the  concentration  of  crystals  in  the  crystal-magma  mush  exceeds  about 
50%,  at  which  point  the  mush  locks  up,  the  crystals  and  liquid  are  then  unable  to  separate,  and 
any  further  heat  transfer  must  take  place  by  subsolidus  convection.  The  magma  will  thus 
solidify  into  the  same  chemical  composition  as  the  starting  material  since  the  liquid  fraction  and 
solid  fraction  remain  intimately  mixed.  Note  that  in  this  study  we  explicitly  exclude 
consideration  of  liquid-mush  separation.  We  are  well  aware  that  this  effect  may  be  important, 
but  limit  our  work  to  the  question  of  crystal  settling  for  reasons  of  practicality. 

We  investigated  the  suspension  of  crystals  in  a convecting  magma  ocean  using  the 
following  relatively  simple  model,  shown  in  figure  1. 


Figure  1.  Basic  model  showing  3 distinct  regions  of  behavior  at  the  beginning  of  the 

computation. 

It  is  assumed  that  the  liquidus  and  solidus  temperature  profiles  of  the  planet  follow  the 
adiabat.  This  is  only  strictly  valid  for  a very  small  planet  although  recent  experiments  on  the 
meUing  curves  of  peridotite  at  very  high  pressures  (Takahashi,1986)  indicate  that  this 
simplification  may  not  be  too  unrealistic.  The  planet  is  melted  uniformly  to  depth  D,  and  is 
originally  at  the  liquidus.  The  temperature  difference  between  the  surface  and  the  magma  sets 
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up  free  convection.  The  model  considers  only  the  effect  of  the  cooling  magma.  After  a time 
At,  the  ocean  has  lost  an  amount  of  energy  equal  to  hAt,  where  h is  the  heat  flux.  The  heat 
flux  h is  derived  from  the  Nusselt  number  Nu  (h=hcNu,  where  hc  is  the  heat  that  would  be 
conducted  through  a slab  of  thickness  D),  which  itself  is  related  to  the  Rayleigh  number  of  the 
convection  though  the  following  relationship: 

Nu  =.  089  Ra  ” 

The  magma  ocean  on  both  the  earth  and  moon  is  initially  convecting  vigorously  with  an 
initial  Rayleigh  number  (Ra)  on  the  order  of  K)3"^,  in  a regime  described  by  Kraichnan  (1962). 
The  flow  is  broken  into  3 regions  if  the  following  condition  is  met: 

3 5 Ra1  /3  > VPr 

where  Pr  is  the  Prandtl  number. 

Region  1 is  a thin  region  where  heat  is  transported  by  conduction,  region  2 is  a turbulent 
boundary  layer  where  heat  is  transferred  primarily  by  convection  but  in  which  viscosity 
dominates.  Region  3 consists  of  highly  turbulent  fluid  in  which  large  eddies  of  spatial  scale 
on  the  order  of  the  depth  of  the  ocean  dominate.  These  eddies  give  rise  to  upward  directed 
forces  which  have  potential  to  keep  the  crystals  in  suspension  (Bagnold,  1965).  In  particular, 
if  the  effective  frictional  velocity  arising  from  region  3 is  about  the  same  as  the  terminal 
velocity  of  settling  crystals,  the  crystals  should  stay  in  suspension.  Thus  the  ratio  (S)  of  the 
frictional  velocity  to  the  terminal  velocity  was  calculated,  using  Kraichnan's  equations  and  a 
routine  that  calculated  the  Stoke's  fall  velocity  if  the  local  Reynold's  number  of  the  crystals 
was  <1  (which  it  was  in  all  cases  calculated  thus  far)  and  invoked  the  drag  coefficient  if  the 
local  Reynold's  number  was  >1.  Thus  if  S>1,  the  magma  ocean  remains  well  stirred  with  a 
significant  fraction  of  its  crystals  remaining  in  suspension.  It  is  of  interest  to  discover  what 
factors,  if  any,  cause  S>1.  It  should  be  noted  that  the  only  parameters  that  changed  between 
the  Earth  and  Moon  models  were  the  bulk  compositions  and  the  accleration  of  gravity.  The 
liquidus  and  solidus  temperatures,  among  other  parameters  were  purposely  kept  constant  in 
these  calculations 

The  terminal  velocity  falls  off  as  1/v  but  the  frictional  velocity  falls  off  as  l/vn/3  where  v is 
the  kinematic  viscosity  and  n is  the  power  in  the  Rayleigh-Nusselt  number  relationship.  Thus 
S increases  as  the  viscosity  increases  as  crystalization  proceeds  as  shown  above.  This  also 
implies  that  S increases  as  the  Si02  content  of  the  magma  increases.  The  above  models 
indicate  that  millimmeter  sized  crystals  are  likely  to  be  suspended  in  both  lunar  and  terrestrial 
magma  oceans,  but  crystals  of  size  1-10  cm  will  probably  not  stay  suspended.  Increasing  the 
depth  of  the  ocean  enhances  the  liklihood  that  the  crystals  will  be  suspended,  but  the  decrease 
of  the  acceleration  of  gravity  between  the  Earth  and  Moon  seems  to  have  only  a small  effect. 
A potentially  large  effect  not  yet  modeled  is  that  of  an  increase  in  the  liquidus  and  solidus 
temperatures  with  pressure.  This  may  markedly  enhance  the  terrestrial  ocean's  ability  to  keep 
crystals  in  suspension.  Another  aspect  for  study  is  the  point  at  which  region  3 disappears.  If 
there  is  no  region  3,  the  magma  ocean's  ability  to  keep  crystals  in  suspension  drops  greatly. 
None  of  the  models  run  thus  far  have  had  region  3 disappear  even  at  50%  crystallization. 

In  spite  of  these  uncertainties,  it  seems  likely  that  crystals  in  a lunar  magma  ocean  are  more 
likely  to  sink  (or  float)  than  crystals  in  a deeper,  more  vigorously  stirred  terrestrial  magma 
ocean.  Although  our  inital  runs  show  this  effect  to  be  smaller  than  we  initially  expected,  we 
feel  that  a thorough  discussion  of  the  physics  of  crystal  suspension  in  a convecting  magma 
ocean  may  clarify  some  of  the  geochemical  differences  between  the  earth  and  the  moon. 
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Solubility  of  noble  gases  and  nitrogen  in  silicate  melts  to  5000  bars 
Edward  Stolper1  and  Michael  R.  Carroll2,  division  of  Geological  and  Planetary  Sciences, 
California  Institute  of  Technology,  Pasadena,  California,  91125,  and  2Bayerisches  Geoinstitut, 
Universitat  Bayreuth,  Bayreuth,  Federal  Republic  of  Germany 

A principal  source  of  the  atmospheres  of  the  terrestrial  planets  is  volcanism.  Volatile 
constituents  dissolve  in  magmas  when  they  form  by  partial  melting  deep  in  planetary  interiors.  As 
the  magmas  rise  toward  the  surface  and  the  pressure  on  them  decreases,  dissolved  gases  exsolve 
into  bubbles  and  may  ultimately  escape  into  the  atmosphere.  Although  major  changes  in  atmos- 
pheric chemistry  occur  subsequent  to  degassing  by  processes  such  as  weathering,  interaction  with 
sediments,  interaction  with  ice  and  water,  and  loss  to  space,  it  is  generally  accepted  that  under- 
standing of  atmospheric  evolution  must  begin  with  the  volcanic  input. 

The  goals  of  this  project  are  (1)  to  measure  the  pressure  and  temperature  dependence  of  the 
solubility  of  rare  gases  and  nitrogen  in  a range  of  silicate  melt  compositions  relevant  to  planetary 
volcanism;  (2)  to  study  the  influence  of  the  major  volatile  species,  water  and  carbon  dioxide,  and 
other  rare  gases  on  the  solubility  of  individual  rare  gases;  (3)  to  measure  the  diffusivities  of  rare 
gases  and  nitrogen  as  functions  of  pressure  and  temperature  in  silicate  melts;  and  (4)  to  develop  an 
understanding  of  the  thermodynamics  and,  if  possible,  the  solubility  mechanisms  of  these  volatile 
species  in  silicate  melts  so  as  to  generalize  our  results  to  a wider  range  of  compositions  and 
conditions.  The  results  will  be  applied  to  understanding  the  behavior  of  volatile  components 
during  igneous  processes  on  Mars  and  their  possible  influence  on  the  composition  of  the  martian 
atmosphere. 

Effects  of  silicate  chemistry  on  the  diffusion  and  solubility  of  argon  in  silicate 
melts  and  glasses:  The  solubility  of  Ar  in  silicate  glasses  and  melts  is  a strong  function  of  silicate 
chemistry.  This  is  illustrated  in  Figure  1,  which  summarizes  results  at  pressures  up  to  4000  bars  on 
silica  glass,  albitic  glass,  and  rhyolitic  glass  at  700°C,  and  on  basaltic  melt  at  1200°C.  Figure  2 
shows  the  temperature  dependence  of  Ar  solubility  in  silica,  albitic,  and  rhyolitic  glasses/melts  at  a 
constant  pressure  of  1 190  bars.  The  curves  shown  in  Figures  1 and  2 are  thermodynamic  fits  to  our 
data.  Note  that  the  rhyolitic  and  basaltic  compositions  we  have  studied  span  the  range  of  common 
igneous  rock  compositions  found  on  earth  and  anticipated  on  the  other  terrestrial  planets. 


Temperature,  *C 

Fig.  1 . Ar  solubility,  -1190  bars 


Pretture,  bars 

Fig.  2.  Ar  solubility,  700°C 
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Figure  3 summarizes  our  results  on  the 
temperature  dependence  of  the  diffusion  coefficient  -• 
for  argon  in  silica,  albite,  and  rhyolitic  glasses/ 
melts  at  pressures  between  1.1  and  1.5  kbar.  These 
results  were  obtained  by  allowing  Ar  to  diffuse  into  4 
glass  or  melt  at  elevated  temperature  and  pressure 
and,  after  quenching,  analyzing  the  concentration  * 

profile  in  Ar  at  the  sample  edge  and  fitting  it  to  a 
curve  with  the  form  of  the  error  function  comple-  | 10 

ment.  i 

The  temperature  dependence  of  the  ® 

diffusion  coefficient  for  Ar  is  clearly  approximately  -« 

Arrhenian  for  each  composition.  It  is  interesting 
that  there  is  no  apparent  ’’kink”  in  the  rhyolite  data  11 
at  the  glass  transition  temperature  (104/T(K)~9-10).  M 
We  do  not  at  this  time  understand  the  significant 
difference  in  the  activation  energies  for  diffusion 
between  silica  and  albitic  glass  (23-27  kcal/mole) 
on  the  one  hand  and  rhyolitic  glass/melt  (45  kcal/ 
mole)  on  the  other  hand.  Curiously,  crystalline 

potassium  feldspars  have  activation  energies  for  Fig.  3.  Ar  diffusion,  P * 1.1  to  1.5  kbar 

diffusion  similar  to  that  of  rhyolitic  melt,  but  a 

factor  of  two  higher  than  of  albitic  melt.  It  is  not  obvious  how  to  rationalize  these  large  differences 
in  the  activation  energy  for  diffusion  (or  in  the  enthalpy  of  vaporization;  see  figure  2)  of  Ar;  all  of 
these  glasses/melts  are  thought  to  have  similar  arrangements  of  essentially  fully  polymerized 
aluminosilicate  tetrahedra  with  or  without  charge-balancing  cations  (e.g.,  Na,  K,  Ca)  in  interstitial 
positions.  Clearly,  the  charge-balancing  cations  must  play  a major  role  in  both  the  diffusivity  of  Ar 
and  the  energetics  of  its  solubility.  We  suspect  that  the  answer  lies  in  the  likelihood  that  the  Ar  and 
the  charge-balancing  cations  occupy  related  structural  positions  in  the  melt  or  glass  structure. 

lx  Solubility  and  diffusion  of  nitrogen  in  silicate  melts  and  glasses:  Experiments  to 
determine  nitrogen  solubility  were  begun  during  the  current  grant  period.  Silica  glass  was  equi- 
librated with  N2  gas  at  700°C  at  pressures  between  200  and  2000  bars.  Initial  efforts  to  analyze  these 
samples  using  Raman  spectroscopy  were  unsuccessful.  However,  Dr.  S.  Sutton  of  Brookhaven 
National  Laboratory  analyzed  them  for  nitrogen  using  the  nuclear  reaction  14N(d,a)12C.  This 
technique  appears  to  be  ideal  for  our  work  with  excellent  spatial  resolution  (beam  diameter  ~ 20 
microns)  and  precision  (detection  limit  on  the  order  of  1 ppm;  precision  on  the  order  of  a few  percent 
is  achievable  at  higher  concentrations).  Figure  4 shows  our  preliminary  results  on  the  solubility  of 
nitrogen  in  silica  glass  at  700°C  as  a function  of  pressure  and  Figure  5 shows  an  example  of  a 
concentration  profile  in  one  of  the  experiments,  illustrating  the  kinds  of  data  from  which  diffusion 
coefficients  can  be  determined. 
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Fig.  4 Nitrogen-Si02  glass,  700°C 


Fig.  5.  AX-10,  700°C,  1450  bar,  32  day 

Log  D = -10.37  ± .13;  Co  = .145  wt% 
error  bars  ± 15% 


c Diffusivity  of  carbon  dioxide  and  water  in  silicate  glasses  and  melts:  Carbon  dioxide 

is  likelyln  most  cases  to  be  the  major  gaseous  species  evolved  during  the  degassing  of  basaltic 
magmas  Likewise,  water  is  expected  to  be  the  major  species  in  bubbles  exsolved  from  more  silicic 
magmas.  It  is  important  to  establish  the  influence  of  the  presence  of  water  and  carbon  dioxide  on  the 
solubilities  of  the  minor  gaseous  species  that  are  our  focus.  In  addition,  evaluation  of  the  possibility 
of  kinetic  fractionations  during  bubble  growth  can  only  be  undertaken  if  the  relative  diffusivities  of 
carbon  dioxide,  water,  the  rare  gases,  and  nitrogen  are  known,  as  well  as  the  influence  of  the  major 
components  on  the  diffusion  of  the  minor  components.  That  this  could  be  an  important  effect  is 
illustrated  by  our  results  on  the  diffusivity  of  Ar  in  silica  glass,  which  suggest  that  the  presence  o 
even  small  amounts  of  water  can  result  in  a substantial  decrease  in  the  diffusivity  of  Ar. 


We  have  begun  to  study  the  diffusivity 
of  water  in  a series  of  silicate  glasses  and  melts 
(e.g.,  rhyolite,  albite,  orthoclase,  diopside, 
silica).  Figure  6 illustrates  a typical  concentra- 
tion profile  for  a rhyolitic  sample  dehydrated  at 
540°C  for  one  and  one-half  weeks.  Note  that  we 
are  able  to  distinguish  between  different 
dissolved  hydrous  species  (i.e.,  water  molecules 
and  hydroxyl  groups).  This  has  the  potential  to 
allow  us  to  model  more  realistically  the  diffu- 
sion mechanism  of  water  in  glasses  and  melts. 


Fig.  6.  Concentration  profile  of  hydrous  species 
developed  by  dehydration  of  rhyolitic 
glass  at  540°C,  1 1 .4  days. 
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PRIMARY  MARTIAN  MAGMAS 

John  R.  Holloway,  Departments  of  Chemistry  and  Geology,  Arizona  State 
University,  Tempe  AZ  85287 


The  overall  goal  of  this  research  is  to  experimentally  determine  the  composition  of 
magmas  generated  in  the  Martian  mantle,  and  to  evaluate  the  effect  of  volatiles 
(H2O,  C02,  H2,  CH4)  on  those  compositions.  In  addition,  the  Theologically 
important  melt  density  and  viscosity  will  be  determined  as  a function  of  pressure 
These  data  will  then  be  used  to  predict  the  composition  and  rheology  of  Martian 
volcanic  rocks  and  of  volcanic  gases  emitted  during  eruption.  This  research  will 
provide  a link  between  volcanic  lavas,  mantle  mineralogy,  and  the  source 
composition  of  Martian  atmospheres. 


Density  and  viscosity  measurements  have  been  completed  on  the  anhydrous 
primary  melt  composition  at  23  kbar  (Bertka  & Holloway,  1989)  These 
experiments  have  been  complicated  by  the  fact  that  the  viscosity  of  the  volatile-free 
primary  Martian  magma  at  23  kbar  is  the  lowest  yet  measured  for  a probable 
natura Ny  occurring  melt,  with  a range  of  0.1  - 5 poise.  The  melt  density  measured, 
3.03  g/cm3,  is  lower  that  anticipated  by  our  earlier  experiments  and  is  consistent 
with  a density  cross-over  between  olivine  and  melt  at  about  70-90  kbar. 


We  have  nearly  completed  a set  of  experiments  at  10  kilobars  to  determine  the 
so hdus  temperature,  minimum  melt  composition,  and  melting  range  equilibria  for  a 
volatile-free  Martian  mantle.  y H u d 


Our  on-going  experiments  and  their  implications  for  the  interior  of  Mars  were 
H^<^ariZe^989^)WO  Presen*at|ons  *n  ^e  last  year  (Holloway  & Bertka,  1988; 

Experiments  on  the  composition,  stability  and  melting  relations  of  carbonate 
minerals  in  the  Martian  mantle  were  initiated  during  the  last  year  Prior 
experiments  on  carbonate  minerals  under  mantle  conditions  had  always  been  in 
iron-free  simple  systems  and  the  Martian  mantle  is  believed  to  be  rather  iron-rich. 
So  the  first  step  in  this  project  had  to  be  the  determination  of  Fe/Mg/Ca  partitioning 
between  silicate  minerals  and  the  stable  carbonate  phase.  A set  of  preliminary 
experiments  delineating  that  stability  were  presented  at  the  Twentieth  LPSC 
(Odezynskyj  & Holloway,  1989). 

REFERENCES 
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we  have  measured  the  effect  -«£■„ 

temperature  of  Ckg^’uslfcg  laler  heating  and  measuring  the 
from  300  to  600  *baf  f t 0f  the  incandescent  sample  to 

temperature  by  fitting  *tZ\s portion  of  the  melt  curve  the 
black  body  curves.  °^er  this  portion  ^ ^ ^ lndependent  of 

melting  temperature  is  also  made  some  measurements  on 

pressure  (Figure  1-  ^^found  ?he  temperature  of  melting 
?nrbee2800ec+/-  200)  2 and  independent  of  pressure  as  in  the 
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HIGH  PRESSURE  COSMOCHEMISTRY  OF  MAJOR  PLANETARY  Tntrpthdc  t at)0  4 

SaToS  Z™  REGI0N  0F  ™E  SYS ™ amhonia-water  “0RAT0Rlr 

University  of  California,  Los  Angeles,  CA  90024-1569 

arbitra^'^s^un^tficm^ Concerning  ^.pt^erio^i^<^co^Ple’  ”-h“ 

-jv/riTpr<: 

(NHo)  and  water  (HoO)  *nH  L “ , composition  (P-T-X)  diagram  of  ammonia 
3'  a water  tH20j  and  to  extend  to  the  water-methane  (CH4)  system. 

-£i 

prepare  and  had  to  learn  “oTthls  T 

for  equimolar  ammonia-water  Buro  • etermined  phase  boundaries 

— °-£Uv/£. tli^^r^^^r 

up  tif'sc^moi*1  CO“pleted  lfioplethic  phase  diagrams  of  NH3-H20  mirtures  at 

results  and  their  £plic‘7i onT'for^y  ZnZlZZZTZnliZZ'^' 

ZZZZZtS  i°»  tZZZ  Z'T*  ^ SS« 

filed  in  June  1989.  With  Mr  C«  T dissartation.  which  will  be 
isopleth  to  more  than  5 GPa  ietw^n  100 ' Z°Zo  H^tuy  ! °f 
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ammonia  monohydrate.  The  fourth  nh*co  u-u  fl  d*  Ice  VII»  an<* 
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and  recovered7  at  atmosnht  • dlhydrate  could  be  grown  between  0.5  and  2 GPa 

obta^^o7^iaii:^^,!r.r,7-f,rd  77-K* However* he  couid  not 

intensities  were  very  low  as  if  i°“  patterns;  the  measured 

to  diffract  well.  recovered  crystals  were  too  strained 
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Mr.  Boone  also  succeeded  in  loading  samples  of  methane  clathrate, 
grown  at  ambient  temperature.  in  a diamond-anvil  cell  by  working  at  • 
cryogenic  temperatures;  and  he  used  Raman  spectroscopy  to  identify 
decomposition  pressure  at  ambient  temperature.  Mr.  Cynn  will  continue  this 
work  to  obtain  the  P-T  phase  diagram  at  the  clathrate  composition  to 
determine  decomposition  pressures,  spectra  of  the  clathrate  and  seParaJj 
phases,  and  kinetics  for  regrowing  clathrate  m the  high  pressure  cell,  e 
will  then  extend  the  study  to  other  compositions  which  may  be  loade  y 
mixing  crystals  of  chathrate.  water  ice.  solid  ammonia,  and  ammonia 

hydrates. 
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MANTLE  CONVECTION  ON  VENUS  AND  MARS 

Walter  S.  Kiefer  and  Bradford  H.  Hager  (Division  of  Geological  and  Planetary  Sciences 
California  Institute  of  Technology,  Pasadena  CA,  91125) 

Our  research  focuses  on  the  dynamics  of  mantle  convection  on  Venus  and  Mars  and  the 
relationship  between  convection  and  geoid  anomalies,  highland  topography,  and  tectonic  struc- 
tures.  We  have  concentrated  our  modeling  efforts  on  several  distinctive  geologic  provinces:  the 

Equatorial  Highlands  of  Venus,  the  Ishtar  Terra  region  of  Venus,  and  the  Tharsis  and  Elysium 
provinces  of  Mars. 


The  Venus  Equatorial  Highlands 

The  Equatorial  Highlands  of  Venus  consists  of  several  quasi-circular  regions  of  high 
topography  (up  to  5 km  above  mean  planetary  radius  (m.p.r.)),  large  geoid  anomalies  (up  to 
T m)’  and  extension al  tectomsm  (1-3).  Isostatic  processes  can  not  plausibly  account  for  the 
observed  geoid  and  topography  (4),  suggesting  that  mantle  processes,  particularly  hot  upwel- 
ling  plumes,  may  play  a dominant  role  in  the  formation  of  these  features. 

fi  a f^e.htkVe  r"odeled  n]ant,e  Plumes  using  a cylindrical  axisymmetric  finite  element  code  We 
thfC  Plum!  m°del  can  exPIain  the  observed  geoid  and  topography  of  the  Equatorial 
] ,d  , lf  Venuss  asthenosphere  is  significantly  more  viscous  than  Earth’s  asthenosphere 
(5).  A high  viscosity  asthenosphere  is  also  consistent  with  models  of  Venus’s  long-wavelength 
admittance  spectrum  (4)  Experiments  have  shown  that  the  presence  of  even  a small  amount 
of  water  can  substantially  weaken  the  rheology  of  olivine  (6,7).  We  hypothesize  that  the  lack 
o an  asthenosphere  on  Venus  is  due  to  Venus’s  mantle  being  much  drier  than  Earth’s  mantle. 


Ishtar  Terra 


Like  the  Equatorial  Highlands,  Ishtar  Terra  is  region  of  high  topography  and  a positive 

geoid  anomaly  on  Venus  (12).  Eastern  Ishtar  (east  of  Maxwell  Montes)  consists  primarily  of 

tessera  terrain  and  is  1 to  3 km  above  m.p.r.  Western  Ishtar  is  centered  on  Lakshmi  Planum,  a 

15(X)  km  wide  oblong  to  irregularly  shaped  plateau  which  is  3 to  4 km  above  m.p.r.  and  shows 

belts  AvITf  °f  tecto"lc  defor,"at;on-  Lakshmi  is  surrounded  on  three  sides  by  the  mountain 

blhl  fh  ^ a'  a 1**71  tCS’  Which  Fise  7 to  11  km  above  m P'r-  These  mountain 

belts  show  a pronounced  banded  structure  which  approximately  parallels  the  contact  between 

(he  mountains  and  Lakshmi  and  which  is  typically  interpreted  as  having  a compressive  origin 

Although  a mantle  plume  model  for  western  Ishtar  has  been  proposed  (12  13)  the  strong 
contrast  m tectonic  styles  between  Ishtar  and  the  Equatorial  Highland's  makes  a plume  mS 
for  Ishtar  implausible.  A second  thermal  mechanism  for  supporting  topography,  lithospheric 
examination  can  account  for  only  1.5  km  of  topography  at  Ishtar  Terra  (14).  Because  thermal 
mechanisms  for  supporting  the  topography  of  western  Ishtar  appear  to  be  inadequate,  the  high 
topography  in  this  region  is  most  likely  due  to  crust  which  is  thicker  than  normal  (14  15)  We 
propose  that  the  crust  in  this  region  has  been  thickened  as  a result  of  crustal  convergence  over 

a reg,°„  °f  mantle  downwelling  (15).  This  model  can  also  explain  the  observed  compressive 
delormation  in  the  mountain  belts.  F 
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The  high  topography  of  Ishtar  causes  a large  pressure  gradient  directed  away  from  the 
center  of  Ishtar.  If  Ishtar  formed  as  a result  of  crustal  convergence,  then  the  inward  force  due 
to  shear  stresses  applied  b,  the  mantle  at  the  base  of  the  crust  must  have  th< ' 

ward  force  due  to  Ishtar's  high  topography.  The  requ.red  shear  stress  level  depends  both  on 
the  horizontal  length  scale  of  the  convection  cell  and  on  the  crustal  thickness  in  the  p ains 
rounding  Ishtar.  Assuming  that  convection  extends  throughout  the  entire  man  e o ejius  a 
horizontal  length  scale  of  about  3000  km  is  probably  an  upper  bound  on  the  horizontal  scale 
over  which  tractions  can  be  applied,  and  hence  sets  a lower  bound  o°n\thef "A fil R I t 
required  shear  sresses.  If  the  crust  in  Venus’s  plains  regions  is  10  to  20  km  thick  (16-18),  then 
the  required  shear  stress  is  about  8 to  11  bars.  On  the  other  hand,  if  the  crustal  thick ness  in 
the  plains  is  100  to  170  km  (19),  then  the  required  shear  stress  is  40  to  60  bars.  These  a 
minimum  estimates  of  the  required  shear  stress  because  they  consider  only  the  shear  stress 
needed  to  support  the  topography  of  Lakshmi  Planum.  In  order  to  support  the  topography  of 
Akna  Freyja,  and  Maxwell  Montes,  the  mantle  shear  stress  in  at  least  some  areas  around  Ish- 
tar will  need  to  be  substantially  higher  than  the  above  estimates.  Estimates  of  the  shear  stress 
at  the  base  of  the  lithosphere  on  Earth  are  typically  only  a few  bars  (20--2)  Because  of 
Venus’s  high  surface  temperature  and  consequent  low  crustal  viscosities,  shear  stresses  at  the 
crust-mantle  interface  are  likely  to  be  low,  a result  which  favors  a thin  crust.  Because  of  the 
time-dependent  nature  of  mantle  convection,  the  shear  stresses  which  are  supporting  Ishtar  s 
high  topography  may  decrease  in  magnitude  at  some  time,  leading  to  relaxation  of  the  high 
topography.  Gravitational  relaxation  of  high  topography  has  sometimes  been  suggested  as  a 
mechanism  for  producing  tessera  terrain  (23-25).  We  suggest  that  gravitational  relaxation  of 
Maxwell  Montes  may  be  at  least  partially  responsible  for  producing  or  modifying  Fortuna 
Tessera  in  eastern  Ishtar.  For  net  convergence  rates  of  a few  cm/yr  and  crustal  thicknesses  o 
a few  tens  of  kilometers  in  the  plains,  our  model  predicts  that  Ishtar  can  form  in  a few  hun- 
dred million  years,  consistent  with  the  observed  cratering  of  its  surface. 


Tharsis  and  Elysium 

The  Tharsis  and  Elysium  regions  of  Mars  are  regions  of  broad-scale  topographic  uplift 
and  contain  numerous  volcanic  structures.  These  observations  suggest  that  mantle  convection 
has  been  an  important  process  in  the  origin  and  evolution  of  these  regions.  Existing  quantita- 
tive models  of  the  geoid  and  topography  of  Tharsis  have  focused  on  isostatic  and  flexural 
processes  in  the  Martian  lithosphere  (26-30).  In  these  models,  the  contribution  of  convection  to 
the  geoid  and  topography  of  Tharsis  was  neglected  on  the  grounds  that  convective  support 
could  not  be  maintained  over  the  age  of  the  solar  system.  However,  Mars  is  a sufficiently  large 
planet  that  mantle  heat  transport  must  still  be  dominated  by  convection,  and  in  the  absence 
of  plate  tectonics,  Tharsis  and  Elysium  could  stay  over  mantle  upwellings  for  an  indefinite 
length  of  time.  Moreover,  cratering  statistics  show  that  volcanic  activity  at  two  shield  vol- 
canoes in  the  Tharsis  province,  Olympus  Mons  and  Ascraeus  Mons,  may  have  been  active  in 
the  last  100  million  years  (31).  Some  geologically  recent  volcanism  may  also  have  occurred  in 
the  Elysium  region  (e.g.,  32).  We  interpret  this  as  indicating  that  convective  upwelling  in  these 
regions  has  continued  until  recent  times  and  is  probably  important  today. 

We  have  used  a cylindrically  axisymmetric  finite  element  code  to  assess  the  possible  con- 
tribution of  mantle  convection  to  the  geoid  and  topography  of  Tharsis  and  Elysium.  The 
neglect  of  spherical  geometry  is  probably  not  a significant  problem  for  models  of  Elysium,  but 
will  be  more  important  for  models  of  Tharsis  and  will  need  to  be  addressed  in  future  work. 
Our  results  are  sensitive  to  a variety  of  poorly  known  parameters,  including  the  Rayleigh 
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number,  the  variation  of  viscosity  with  depth,  and  the  thickness  of  the  elastic  lithosphere.  We 
find  that  for  some  plausible  choices  of  parameters  that  convection  can  contribute  significantly 
to  the  observed  long-wavelength  topography  and  geoid  of  Tharsis  and  Elysium  (33).  We  also 
find  that  increasing  the  horizontal  scale  of  convective  upwelling  leads  to  larger  amplitude  topo- 
graphic uplift  and  geoid  anomalies.  This  suggests  that  the  large  observed  differences  in  the 
topography  and  geoid  of  Tharsis  and  Elysium  may  be  largely  due  to  differences  in  the  horizon- 
tal scales  of  the  underlying  convection  cells.  Our  models  predict  that  any  extensional  features 
which  form  should  be  oriented  radially  to  the  center  of  the  uplift,  in  agreement  with  observa- 
tions of  extensional  features  in  Tharsis  (34).  Although  isostatic  and  flexural  processes  must 
play  some  role  in  supporting  the  current  long-wavelength  geoid  and  topography  in  Tharsis 
and  Elysium,  our  results  show  that  convective  processes  played  an  important  role  both  in  the 
formation  of  Tharsis  and  Elysium  and  in  maintaining  the  current  geoid  and  topography. 
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ESTIMATING  LITHOSPHERIC  THERMAL  GRADIENT  ON  MARS 
FROM  ELASTIC  LITHOSPHERE  THICKNESS:  NEW  CONSTRAINTS  ON 
HEAT  FLOW  AND  MANTLE  DYNAMICS. 

Sean  C.  Solomon,  Department  of  Earth,  Atmospheric,  and  Planetary  Sciences, 

Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139,  and  James  W.  Head, 
Department  of  Geological  Sciences,  Brown  University,  Providence,  RI 02912. 

Introduction.  The  thickness  of  the  elastic  lithosphere  on  a planet  is  essentially  a 

measure  of  the  reciprocal  of  the  vertical  thermal  gradient  in  the  lithosphere,  i.e.,  the  depth  to  a 
temperature  at  which  ductile  behavior  replaces  brittle  behavior  at  typical  geological  strain 
rates.  Under  flexure  there  is  an  elastic  "core"  of  the  lithosphere  occupying  the  depth  interval 
over  which  the  bending  stress  is  less  than  an  envelope  of  "strength"  versus  depth  defined  by 
a frictional  failure  curve  at  shallow  depths  and  a ductile  flow  law  at  greater  depth  [1,2].  1 he 
depth  of  the  lower  limit  to  "elastic"  behavior  is  governed  primarily  by  temperature  and  also 
bv  strain  rate,  composition,  and  load  magnitude.  Estimates  of  elastic  lithosphere  thickness 
derived  from  simple  models  of  flexure  have  been  quantitatively  related  to  the  average  vertical 
thermal  gradient  of  the  lithosphere  on  the  Earth  [e.g.,  3]  and  Moon  [4],  and  similar  concepts 
have  been  used  to  constrain  the  thickness  of  the  elastic  lithosphere  on  Venus  [e.g.,  5J.  In 
this  paper  we  apply  these  concepts  to  Mars. 

Elastic  Lithosphere  Thickness.  The  thickness  Te  of  the  elastic  lithosphere  of  Mars  has 
been  estimated  from  the  tectonic  response  to  individual  loads  [6-8]  and  from  the  global 
response  to  the  long-wavelength  load  of  the  Tharsis  rise  [9,10].  A summary  of  these  results 
is  given  in  Table  1.  The  values  for  Te  derived  for  individual  loads  are  not  consistent  Wlth 
simple  progressive  increase  with  time  in  the  thickness  of  the  elastic  lithosphere  of  Mars.  The 
largest  estimates  of  Te,  for  instance,  are  for  perhaps  the  oldest  (Isidis  mascon)  and  youngest 
(Olympus  Mons)  features  considered  [11].  Spatial  variations  m elastic  lithosphere  thickness 
must  have  been  at  least  as  important  as  temporal  variations  [7].  In  particular,  there  appears  to 
have  been  a dichotomy  in  lithosphere  thickness  that  spanned  a significant  interval  of  time, 
with  comparatively  thin  elastic  lithosphere  (Tc  = 20  to  50  km)  beneath  the  central  regions  o 
major  volcanic  provinces  and  substantially  thicker  elastic  lithosphere  (Te  in  excess  of  100 
km)  beneath  regions  more  distant  from  volcanic  province  centers  and  appropriate  tor  the 
planet  as  a whole. 

Thermal  Gradients.  The  values  of  Te  may  be  converted  to  the  mean  lithospheric 
thermal  gradient,  given  a representative  strain  rate  and  a flow  law  for  ductile  ^fol™a^nof 
material  in  the  lower  lithosphere.  Formally,  this  is  done  by  converting  Te  toTm,  the  depth  to 
the  rheological  boundary  marking  the  base  of  the  mechanical  lithosphere.  This  conversion  is 
accomplished  by  constructing  models  of  bending  stress  consistent  with  the  strength  envelope 
and  finding  for  each  model  the  equivalent  elastic  plate  model  having  the  same  bending 
moment  and  curvature  [3].  We  take  the  representative  strain  rate  for  the  flexural  response  to 
each  local  load  to  be  the  quotient  of  the  maximum  horizontal  strain  given  by  the  elastic  model 
and  the  growth  time  of  the  load,  taken  to  be  lO841  yr.  A large  uncertainty  arises  from  the 
poorly  known  value  for  the  thickness  of  the  martian  crust  and  the  distinct  flow  laws  for 
crustal  and  mantle  material.  The  mean  crustal  thickness  consistent  with  global  topography 
and  gravity  must  be  at  least  30  km  [12],  which  corresponds  to  zero  thickness  beneath  the 
Hellas  basin.  Viking  line-of-sight  (LOS)  residuals  over  the  Hellas  basin  and  the 
370-km-diameter  crater  Antoniadi  are  best  fit  if  the  topographic  depressions  are  compen- 
sated at  120-130  km  depth  [13,14],  LOS  data  over  Elysium  Plamtia  and  Olympus  Mons  can 
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be  fit  with  varying  degrees  of  Airy  isostatic  compensation  and  crustal  thicknesses  of  30-150 
km  [8,15]. 

We  assume  that  the  large  values  of  elastic  lithosphere  thickness  determined  from  the 
local  response  to  the  Isidis  mascon  and  Olympus  Mons  and  from  the  global  response  to  the 
Tharsis  rise  exceed  the  thickness  of  the  martian  crust.  Because  flexurally-induced  curvature 
is  modest  for  these  loads,  the  depth  Tm  to  the  base  of  the  mechanical  lithosphere  is 
approximately  equal  to  Te  [3]  and  is  determined  by  the  ductile  strength  of  the  mantle, 
assumed  to  be  limited  by  the  creep  strength  of  olivine  [16].  The  mimumum  values  of  Te  for 
the  Isidis  mascon  and  Olympus  Mons  correspond,  by  this  line  of  reasoning,  to  mean 
lithospheric  thermal  gradients  of  no  greater  than  5-6  K/km. 

The  values  of  Te  derived  from  the  Tharsis  Montes  and  Alba  Patera  are  less  than  or 
comparable  to  the  thickness  of  the  crust.  The  mechanical  lithosphere  thickness  Tm,  which 
exceeds  Te  for  these  loads  [3],  is  likely  governed  by  the  strength  of  crustal  material,  taken  to 
be  limited  by  the  creep  strength  of  anorthosite  [17].  The  mean  thermal  gradients  consistent 
with  the  values  of  Tm  for  these  loads  under  this  assumption  are  in  the  range  11-18  K/km 
(Table  1).  The  thermal  gradient  corresponding  to  the  value  Te  = 54  km  determined  for 
Elysium  Mons  [7]  depends  strongly  on  the  thickness  of  the  martian  crust  but  generally  falls 
between  those  for  Olympus  Mons  and  Isidis  and  those  for  the  Tharsis  Montes  and  Alba 
Patera. 

Implications.  While  the  heat  flow  and  thermal  structure  of  Mars  are  not  known,  we 
may  compare  these  gradients  with  values  derived  from  scaling  arguments.  If  Mars  loses  heat 
at  the  same  rate  per  mass  as  the  Earth  [18],  then  the  mean  heat  flux  would  be  about  30 
mW/m2-K.  For  a representative  value  of  lithospheric  thermal  conductivity  of  2-3  W/m-K, 
the  mean  lithospheric  thermal  gradient  would  be  10-15  K/km.  The  gradient  implied  by  the 
global  response  to  the  Tharsis  rise  falls  below  this  range  by  at  least  30-50%.  Two  possible 
explanations  are  that  the  fractional  heat  loss  contributed  by  secular  global  cooling  is  much 
lower  on  Mars  than  on  Earth  or  that  a higher  fraction  of  radioactive  heat  sources  on  Mars  are 
concentrated  in  the  crust.  The  low  *^Ar  abundance  in  the  Martian  atmosphere  [19]  provides 
an  argument  against  the  second  possibility. 

As  noted  above,  the  differences  in  lithospheric  thermal  gradients  implied  by  the 
different  values  of  Te  must  be  at  least  in  part  due  to  lateral  variations  in  temperature  within 
and  beneath  the  lithosphere.  These  variations  can  be  due  to  lithospheric  reheating  beneath  the 
centers  of  major  volcanic  provinces,  thermal  differences  remaining  from  major  pre-volcanic 
events  such  as  large  impacts  [20],  or  some  combination  of  these  two  effects  [21],  Essentially 
contemporaneous  temperature  differences  of  at  least  400  K at  30  km  depth  at  a late  stage  in 
the  development  of  the  Tharsis  province  are  implied  by  the  variation  in  gradients  in  Table  1. 
Such  differences  are  too  large  to  be  solely  the  effect  of  large  impacts  of  order  109  yr  earlier 
[22],  They  are,  however,  similar  to  the  temperature  variations  associated  with  lithospheric 
reheating  beneath  hot  spot  volcanic  centers  on  Earth  [23].  The  areas  of  anomalously  high 
temperature  gradients  on  Mars  must  be  similarly  affected  by  mande  dynamic  processes, 
including  convective  upwelling  and  associated  magmatism.  These  results  thus  provide  new 
constraints  on  the  spatial  pattern  of  heat  delivered  by  mantle  upwelling  beneath  major 
volcanic  provinces  on  Mars. 
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Table  1 . Estimates  of  elastic  lithosphere  thickness  and  lithospheric  thermal  gradient  on  Mars 


Feature 

Age  of 
deformation 

D, 

1030  dyn  cm 

T 

*e> 

km 

dT/dz, 

K/km 

Arsia  Mons 

UA 

0.5 

18 

18 

Ascraeus  Mons 

UA 

1.0 

22 

14 

Pavonis  Mons 

UA 

1.6 

26 

13 

Alba  Patera 

LA 

3.2 

33 

11 

Elysium  Mons 

LA 

14 

54 

7-13 

Olympus  Mons 

UA 

50  - 240 

140  - 230 

< 5 

Isidis  mascon 

UN 

>150 

>120 

<6 

Th arsis  rise 

MN-UA 

>100 

>100 

<7 

Sources:  D,  Te  [6-10];  ages  [1 1];  N = Noachian,  H = Hesperian,  A = Amazonian,  L = 
lower,  M = middle,  U = upper. 
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Research  on  Structure  and  Evolution  of  Planetary  Interiors 

G.  Schubert,  Department  of  Earth  and  Space  Sciences,  University  of 
California,  Los  Angeles,  L.  A.,  CA  90024 

Mercury's  Thermal  History 

We  wrote  a review  paper,  "Mercury's  Thermal  History  and  the 
Generation  of  its  Magnetic  Field,"  by  G.  Schubert,  M.  N.  Ross,  D.  J. 
Stevenson  and  T.  Spohn,  for  the  University  of  Arizona  Press.  We 
advocated  a Mercury  model  with  a hot  start  and  early  core  formation. 
Mercury's  large  iron  core  cools  and  partially  freezes,  but  complete 
solidification  of  the  core  is  prevented  by  the  depression  of  the  core- 
freezing temperature  by  sulfur  in  the  core.  It  is  possible  to  maintain 
convection  in  Mercury's  outer  liquid  core  to  the  present,  perhaps 
accounting  for  the  dynamo  generation  of  Mercury's  magnetic  field. 

Tidal  heating  in  the  inner  solid  core  may  have  been  a significant 
source  of  energy  for  the  core. 

Martian  Crater  Morphology 

We  have  used  Goldstone  13-cm  radar  observations  of  Mars  during  the 
1971-1982  oppositions  to  study  the  morphology  of  Martian  craters  as 
revealed  in  their  topographic  profiles.  Degraded  Martian  craters  are 
shallow  and  have  very  low  rim  heights.  Structures  without  a 
discernable  rim  have  retained  a basin  shape.  Low  exterior  relief 
rather  than  overall  low  relief  distinguishes  the  large  degraded  craters 
in  the  Goldstone  sample.  The  paper  describing  these  results,  "Radar 
Altimetry  of  Large  Martian  Craters"  by  L.  E.  Roth,  R.  S.  Saunders,  G. 

S.  Downs  and  G.  Schubert,  is  in  press  in  Icarus. 

Lunar  Orbital  Evolution 


We  modelled  the  coupled  thermal -dynamical  evolution  of  the  Earth- 
Moon  system  including  solid  planet  tidal  dissipation  and  dissipation  by 
the  Earth's  oceans.  Solid  Earth  tidal  friction  has  been  the  main 
energy  sink  in  the  Earth-Moon  system;  oceanic  dissipation  has  a 
relatively  small  effect  over  geologic  time,  even  though  it  is  important 
at  present.  About  90%  of  the  angular  momentum  transferred  from  the 
Earth  to  the  Moon  is  a consequence  of  solid-body  tidal  friction.  These 
results  are  discussed  in  more  detail  in  "Evolution  of  the  Lunar  Orbit 
with  Temperature  and  Frequency-Dependent  Dissipation,"  by  M.  N.  Ross 
and  G.  Schubert  (J.  Geophys , Res. , in  press). 

Atmosphere  - Interior  Evolution  of  Planets  and  Satellites 

We  have  written  a review  paper  for  a forthcoming  University  of 
Arizona  Press  book  ("Evolution  of  the  Atmospheres -Interiors  of  Planets 
and  Satellites"  by  G.  Schubert,  D.  L.  Turcotte,  S.  C.  Solomon,  and  N. 
Sleep)  that  discusses  how  the  atmospheres  and  interiors  of  terrestrial 
planets  evolve  in  a coupled  manner.  The  physical  mechanisms  that 
couple  the  atmospheres  and  interiors  of  planets  are  analyzed  in  detail. 
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MERCURY:  A KEY  TO  UNDERSTANDING  THE  FORMATION  AND  EVOLUTION  OF  THE 

TERRESTRIAL  PLANETS 

Robert  G.  Strom,  Department  of  Planetary  Sciences, 

University  of  Arizona,  Tucson,  Arizona  85721  U.S.A. 

Mercury  is  an  end-member  planet  because  it  formed  nearest  to  the  Sun  in  the  hottest  part 
of  the  solar  nebula.  Although  it  superficially  resembles  the  Moon,  there  are  significant  differences 
in  both  the  internal  constitution  and  surface  geology.  Mercury  has  an  uncompressed  mean  density 
of  5.3  g/cm3;  larger  than  any  other  planet  or  satellite  in  the  Solar  System.  This  indicates  that 
it  has  an  enormous  iron  core  about  75  percent  of  the  planet  radius.  The  presence  of  a dipole 
magnetic  field  further  suggests  that  the  outer  portion  of  the  core  is  currently  in  a molten  state. 
This  requires  a light  alloying  element  in  the  core  to  lower  the  melting  point  and  retain  a partially 
molten  core  to  the  present  time.  Although  oxygen  is  such  an  element,  it  is  not  sufficiently  soluble 
in  iron  at  Mercury’s  low  internal  pressures  and,  therefore,  sulfur  is  the  most  reasonable  candidate. 
The  present  extent  of  the  outer  molten  core  and  the  onset  of  solid  inner  core  formation  are  highly 
dependent  on  the  abundance  of  sulfur  in  the  core.  For  a sulfur  abundance  less  than  0.2  percent 
the  entire  core  should  be  solidified  at  the  present  time,  while  an  abundance  of  7 percent  results 
in  an  entirely  fluid  core  at  present.  Inner  core  formation  begins  about  3.9  GY  ago  for  0.2  percent 
sulfur  and  results  in  an  outer  fluid  core  about  100  km  thick  at  present.  For  5 percent  sulfur  the 
inner  core  begins  to  form  about  2 GY  ago,  and  results  in  an  outer  fluid  core  about  1150  km  thick 
at  present  (Schubert  et  al.,  1988). 

How  Mercury  acquired  such  a large  percentage  of  iron  is  a major  unsolved  problem. 
Initial  chemical  equilibrium  condensation  models  for  Mercury’s  position  in  the  solar  nebula 
predicted  an  uncompressed  density  of  only  4 g/cm3  rather  than  the  observed  5.3  g/cm  and  the 
complete  absence  of  sulfur  (Lewis,  1972).  Modified  models  (Lewis,  1988)  where  60-90  percent 
of  the  material  accreted  at  Mercury’s  present  distance  and  10-40  percent  accreted  from 
planetesimals  perturbed  into  Mercury’s  position  from  the  feeding  zones  of  other  terrestrial  planets, 
still  fail  to  provide  enough  iron  to  account  for  Mercury’s  uncompressed  density  (4.2  vs.  5.3 
g/cm3).  They  do,  however,  predict  from  0.1  to  3 percent  FeS  (Lewis,  1988). 

Three  very  different  hypotheses  have  been  proposed  to  account  for  the  large  discrepancy 
between  the  iron  abundance  indicated  by  Mercury’s  high  density  and  that  predicted  by  equilibrium 
condensation  models.  One  hypothesis  (selective  accretion)  proposes  a mechanical  accretion 
process  for  concentrating  the  required  iron  at  Mercury’s  position  in  the  solar  nebula,  while  the 
other  two  (post-accretion  vaporization  and  giant  impact)  account  for  Mercury’s  high  density  by 
removing  a large  fraction  of  Mercury’s  silicate  mantle  early  in  its  history.  In  the  selective 
accretion  model,  a differential  response  of  iron  and  silicates  to  impact  fragmentation  and 
aerodynamic  sorting  leads  to  iron  enrichment  owing  to  higher  gas  densities  and  shorter  dynamical 
time  scales  in  the  innermost  part  of  the  solar  nebula  (Weidenschilling,  1978).  The  post-accretion 
vaporization  model  proposes  that  intense  bombardment  by  solar  electromagnetic  and  corpuscular 
radiation  in  the  earliest  phases  of  the  Sun’s  evolution  (T-Tauri  phase)  vaporized  and  drove  off 
much  of  the  silicate  mantle  (Cameron  et  al.,  1988).  In  the  giant  impact  hypothesis,  a collision 
of  a planet-sized  object  with  Mercury  ejected  much  of  the  planet’s  silicate  mantle,  which  is 
subsequently  swept-up  principally  by  Venus  and  Earth  (Cameron  et  al.,  1988,  Wetherill,  1988). 
Each  of  these  hypotheses  has  major  consequences  for  the  formation  of  the  other  terrestrial 
planets.  Fortunately,  each  model  predicates  a significantly  different  chemical  composition  for 
Mercury’s  silicate  mantle  and,  therefore,  compositional  information  from  a Mercury  orbiter  can 
help  decide  between  these  competing  hypotheses.  Until  we  understand  how  Mercury  formed,  we 
will  not  clearly  understand  the  formational  history  of  the  other  terrestrial  planets. 

Mariner  10  imaged  only  about  45  percent  of  Mercury’s  surface  at  resolutions  comparable 
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to  Earth-based  telescopic  resolution  of  the  Moon.  As  a consequence,  our  understanding  of  its 
geologic  history  and  the  origin  of  some  of  its  surface  features  is  incomplete.  The  surface  viewed 
by  Mariner  10  shows  an  ancient  heavily  cratered  terrain,  and  younger  smooth  plains  which 
primarily  fill  and  surround  the  1300  km  diameter  Caloris  impact  basin  and  occupy  a large  area 
of  the  north  polar  region.  These  surfaces  are  similar  to  the  lunar  highlands  and  maria  of  the 
Moon.  Unlike  the  Moon,  Mercury  contains  large  areas  of  old  intercrater  plains  interspersed 
among  the  heavily  cratered  terrain  and  a system  of  presumably  global  thrust  faults  (lobate  scarps) 
that  resulted  from  a period  of  global  compression  caused  by  planetary  contraction.  A peculiar 
hilly  and  lineated  terrain  occurs  antipodal  to  the  Caloris  Basin  and  probably  resulted  from  large 
vertical  surface  movements  caused  by  focused  seismic  waves  from  the  Caloris  impact. 

Mercury's  intercrater  plains  are  the  major  terrain  on  Mercury  and  formed  at  various  times 
during  the  period  of  late  heavy  bombardment.  These  plains  are  thought  to  be  volcanic  deposits 
erupted  through  fractures  caused  by  planetary  expansion  during  heating  and  core  formation.  The 
younger,  smooth  plains  are  also  interpreted  as  volcanic  deposits  primarily  erupted  through 
fractures  caused  by  the  large  basin-forming  impacts  with  which  they  are  associated.  The  global 
system  of  thrust  faults  post-dates  intercrater  plains  formation  suggesting  that  the  onset  of 
planetary  contraction  began  relatively  late  in  Mercurian  history.  The  decrease  of  Mercury’s  radius 
estimated  from  the  number  and  dimensions  of  thrust  faults  is  about  2 km.  Both  the  time  of  onset 
of  global  contraction  and  the  amount  of  radius  decrease  based  on  the  geologic  relationships  are 
at  variance  with  current  thermal  history  models  which  predict  that  contraction  began  immediately 
following  accretion  and  resulted  in  a radius  decrease  of  about  6 to  8 km  (Schubert  et  al.,  1988). 

Almost  nothing  is  known  about  Mercury's  surface  composition.  The  major  terrain  units 
(smooth  plains,  intercrater  plains,  and  crater  rays)  have  systematically  higher  albedos  than 
comparable  terrains  on  the  Moon.  The  photometry  and  colorimetry  suggest  that  Mercury’s  surface 
material  may  be  depleted  in  iron  and  titanium  relative  to  lunar  rocks. 

A Mercury  orbiter  with  an  imaging  device  and  instruments  for  measuring  the  surface 
composition  could  provide  the  information  required  to  decide  between  the  various  hypotheses  for 
Mercury’s  origin  and  geologic  and  thermal  evolution.  Answers  to  these  questions  would,  in  turn, 
shed  new  light  on  the  formation  and  evolution  of  the  other  terrestrial  planets. 
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Implications  of  Convection  in  the  Moon  and  the  Terrestrial  Planets 

Donald  L.  Turcotte,  Department  of  Geological  Sciences,  Cornell  University,  Ithaca,  NY 
14853-1504 

In  the  last  year  we  have  published  a paper  on  the  tectonic  implications  of  radiogenic 
noble  gases  in  planetary  atmospheres  (1). 

Studies  of  the  radiogenic  isotopes  4 He  and  40Ar  in  planetary  atmospheres  provide 
important  constraints  on  tectonic  processes  within  planetary  interiors.  For  mantle  K/U  and 

Th/U  mass  ratios  flK/u  = 12,700  and  Rjh/U  = 3 8 and  a UreY  number  Ur  = °'7’  the  4°Ar 
in  the  Earth's  atmosphere  can  be  obtained  by  complete  outgassing  of  the  crust  and  upper 
mantle  and  a 7%  outgassing  of  the  lower  mantle  or  by  a 23  to  33%  outgassing  of  the  whole 
mantle  and  crust.  The  flux  of  4He  from  the  mantle  can  be  derived  by  complete,  steady-state 
outgassing  of  the  upper  mantle  or  by  partial  outgassing  (9%)  of  the  entire  mantle.  The 
40Ar  in  the  Venus  atmosphere  can  originate  from  the  outgassing  of  only  the  upper  6 km  of 
an  enriched  crust,  8.5%  of  the  entire  mantle,  or  28%  of  the  upper  mantle.  The  low 
concentration  of  36Ar  in  the  Earth's  atmosphere  relative  to  Venus  strongly  supports  the 
collision  hypothesis  for  the  origin  of  the  Moon;  such  a major  collision  would  have  eroded  a 
large  fraction  of  the  Earth's  atmosphere. 

We  have  also  proposed  (2)  a heat  pipe  mechanism  for  the  transport  of  heat  through  the 
lithosphere  on  Venus.  This  mechanism  allows  the  crust  and  lithosphere  on  Venus  to  be 
greater  than  150  km  thick.  A thick  crust  and  thick  lithosphere  can  explain  the  high 
observed  topography  and  large  associated  gravity  anomalies.  For  a 150-km-thick 
lithosphere  the  required  volcanic  flux  on  Venus  is  200  km3/yr;  this  is  compared  with  a 
flux  of  17  km3/yr  associated  with  the  formation  of  the  oceanic  crust  on  Earth.  A thick 
basaltic  crust  on  Venus  is  expected  to  transform  to  eclogite  at  a depth  of  60  to  80  km;  the 
dense  eclogite  would  contribute  to  lithospheric  delamination  that  returns  the  crust  to  the 
interior  of  the  planet  completing  the  heat  pipe  cycle.  Topography  and  the  associated  gravity 
anomalies  can  be  explained  by  Airy  compensation  of  the  thick  crust. 

We  are  currently  carrying  out  a series  of  parameterized  convection  calculations  to 
model  the  thermal  evolution  of  the  Moon,  Mars,  and  Venus.  These  calculations  yield  the  time 
dependence  of  the  crustal  thickness,  the  lithosphere  thickness,  the  rate  of  volcamsm,  and 
whether  the  body  contracts  or  expands.  The  preliminary  results  appear  very  promising  in 
terms  of  explaining  a variety  of  observed  features  on  these  bodies. 
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OLIVINE  ALTERATION  PHASES  IN  SHERGOTTITE  ALHA  7700S: 

R^g^^G^I^urn^°Deparfm^nt^^SE^nlLRA^raosphchc  and  Planetary  Sciences. 
Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts  02139. 

TntrnH„P,ion  Olivine  phenocrysts  in  certain  SNC  meteorites  (notably  Nakhla, 
Chlssignv  1 ALHA  77005)  have  characteristic  brownish  colorations  which  have  been 
atSfedy\oAo"diJd  (firric)  icon  (1,2).  either 

present  as  low-temperature  alteration  products  (e.g.  iddingsite  ).  I he  distinct 
blown  cumulus  ofivines  in  the  shergo.ti.e  ALHA  77005.  which  consume  mom  than 

50%  of  this  meteorite  collected  in  Antarctica  {3,4},  are  of  particular  interest  because 
5U/0  OI  tms  meieoruc  l-dugl.  identified  -4  5 wt.%  of  the  total  iron  in 

Mossbauer  spectral  measurements  {5,6}  have  ldentiiiea  i.  whether 

the  olivine  to  be  in  the  ferric  state.  However,  ambiguity  exists  {2,5}  as  to  whether 
the  oxidized  iron  is  a product  of  pre-terrestrial  alteration  or  was  ' 

residence  of  the  meteorite  in  the  Antarctic  ice-cap,  or  resulted  after  collection  wnen 
residence  ot  tne  ^ an  attcmpt  t0  further  characterize  the  feme  iron 

spec«aationP  of  olivine-rich  ALHA  77005,  results  of  correlative  Mossbauer  spectral 

measurements^  with  experimentally  oxidized  olivines  (Ml  « « V*™*  ^re. 
Fmprimenini  Details.  Homogenized  powders  of  ALHA  77UU3.  tne  moaai 

mineralogy  of  which  consists  of  52%  olivine  (Fa26).  26%  pigeonite.  11%  augite.  10% 
plagioclase  and  1%  chromite  {4},  were  acquired  from  the  Antarctic  Meteorite 
Collection  The  two  50  mg  powders  supplied  to  us  had  been  separated  into  dark 
"richr  andW°-light"  8(oU vine -depleted)  fractions,  and  each  samp  c was  us  d 
separately  in  the  Mossbauer  spectral  measurements  {6}.  A reference  nonono 
(Fa.g)  from  the  Bushveldt  Complex  that  is  being  used  in  contemporaneous  he 
oxidation  (8)  and  sulfuric  acid-alteration  {9}  experiments  to  simulate  aerial 
oxidation  and  groundwater  weathering  reactions  on  Mars,  served  as  a stan  ar  or 

the  identification  of  any  ferri-olivine  component  or  nanocrystalline  ferric 
phase  that  might  be  detectable  in  the  Mossbauer  spectrum  of  the  olivine-rich  ALH 

77005  meteorite  measured  at  4.2°K.  ..  . rirh 

Assembled  in  Figure  1 are  the  4.2°K  Mossbauer  spectra  of  0 ,v,"c'r,ch 

("dark”  fraction)  ALHA  77005  meteorite  (Fig.  la),  unreacted  hortonolite  ( g.  ). 

V aarx  iracuuui  . *onor  fnr  in  hours  tFie  he),  and  hortonolite 

hortonolite  after  heat-oxidation  in  air  at  600°C  lor  tu  nours  trig  iw. 

, . « I*  c /nu  a»  gn°C  for  14  days  (Fig.  Id).  The  central  portions  of 

after  reaction  with  H2S04  (pH  2.)  at  su  c-  ior  i*t  uaya  v 6 ' , tic 

each  spectrum  (between  -6  and  +6  mm/sec.)  are  complicated  by  the  onset  of  magnetic 

ordering  of  Fe2+  ions  in  the  olivine  Ml  sites  and  by  contributions  from  pyroxenes  in 

?h1  meteorite  sample  However,  .be  regions  of  the  spectra  - tag- 

velocities  are  much  more  informative.  The  heat-oxidized  hortonolite  (Fig.  lc)  snows 

the  locations  of  peaks  originating  from  ferri-olivine  and.  perhaps,  ™a?^thUc  (™d 

H 2S 04-degraded  hortonolite  (Fig.  Id)  indicates  where  peaks  due  to  g0Cth‘cJan^ 

hematite)  occur.  It  is  immediately  apparent  from  the  spectra  >llustra^d  ‘n  g ‘ 

that  none  of  these  Fe3+-bearing  phases  is  detectable  in  the  specimen  of  AL 

Althtgh  fLblel“S  to  -4.5%  ferric  iron  was  previously 
resolved  in  the  room-temperature  Mossbauer  spectrum  of  the  olivine  separate  from 
ALHA  77005  {5},  its  parameters  (particularly  the  value  for  quadrupole  sp  ltting)  are 
significantly  iifLen,  'from  those  obtained  from  295«K  spectra  of  nature Uj- 
occurring  ferri-olivines  (10)  and  heat-osidired  olivines  (8).  in  »hich  magne  c 
ordering  of  FeJ*  ions  was  induced  by  4.2»K.  The  absence  of  comparable  ferric 
magnetic  sestets  in  the  4.2°K  spectrum  of  the  olivine-nch  ALHA  77005  *‘1 

be  due  to  magnetic-dilution  of  the  structural  Fel*  ions,  or  to  nanocrys.allin.ty  of  any 

ferric  oxide  intergrowths. 
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Figure  1.  Mossbauer  spectra  measured  at  4.2°K  of  (a)  olivine-rich  shergottite  ALHA 
77005;  (b)  unreacted  olivine  (Fa49);  (c)  olivine  heated  in  air  to  600°C  for  10  hours;  and 
(d)  olivine  reacted  with  H2S04  (pH  2)  for  14  days  at  80°C  in  the  presence  of  ferric 
sulfate.  Highlighted  in  Fig.  lc  are  locations  of  the  major  ferri-olivinc  sextet  and 
minor  maghemite  peaks,  and  in  Fig.  Id  the  major  goethite  sextet  and  minor  hematite 
peaks. 


OXIDIZED  OLIVINES  ON  MARS:  SPECTROSCOPIC  INVESTIGATIONS  OF 
HEAT-INDUCED  AERIAL  OXIDATION  PRODUCTS 

Karen  S.  Bartels  and  Roger  G.  Burns,  Dept,  of  Earth.  Atmospheric  and  Planetary 
Sciences,  Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts  02139. 

TntrnHiiftinn.  Olivines  in  komatiitic  lavas  that  erupted  onto  the  surface  of  Mars 
were  vulnerable  to  low-temperature  aerial  oxidation  as  the  magma  cooled,  by  analogy 
with  the  occurrence  of  ferrifayalite  (intergrowths  of  fayalite,  Fe2Si04,  and  laihumte, 
pe2+  pe3  + 0 8S  i O4)  in  terrestrial  near-surface  and  extrusive  igneous  rocks  {1,2}. 
Similar  ferric-bearing  Mg-Fe  olivines  on  Mars,  contributing  to  remote-sensed 
reflectance  spectral  profiles  of  the  martian  surface,  could  interfere  with  diagnostic 
pc2+  crystal  field  bands  used  to  identify  ferromagnesian  silicates  occurring  there, 
particularly  in  the  visible-near  infrared  spectra  of  "dark"  regions  on  Mars  {3}.  We 
Lport  here  measurements  made  on  heated  olivines  that  were  aimed  at  characterising 
«n<*nral  features  originating  from  products  of  aerial  oxidation. 

Pvnprimpntal  Details  Several  olivines  [synthetic  (Fa10o)  and  Rockport  (Fa96) 
fay al ites  hortonolite  (Fa4 9 ) . peridot  (Fa1S).  and  knebelite  (Fa51Te47)]  were  heated  in 
air  in  the  temperature  range  300-900*>C.  Mossbauer  spectra  measured  at  ambient 
(,295°K)  and  liquid  He  (4.2°K)  temperatures  aided  in  the  identification  of  structural 
olivine)  and  superparamagnetic  (hematite)  Fe3*  ions.  Refiectance  spectra  were 
obtained  for  selected  specimens  using  the  RELAB  facility  at  Brown  University  4}. 
Rpoilts:  Mossbauer  Spectra.  The  presence  of  structural  paramagnetic  Fe  10ns 

in  fayalites  heated  in  air  between  300  and  600°C  is  suggested  by  Mossbauer  spectra  of 
reaction  products  measured  at  ambient  temperatures.  However,  an  additional  sextet 
originating  from  magnetic  hyperfine  splitting  of  hematite  appears  in  heat-treae 
fayalites,  the  intensity  of  which  increases  with  prolonged  heating.  Analogous  heat- 
oxidation  experiments  on  hortonolite,  peridot  and  knebelite  also  produced  feme- 
bearing  assemblages,  the  295°K  Mossbauer  spectra  of  which  yielded  Fe  and  Fe 
doublets  but  negligible  magnetic  sextet  peaks.  The  ferric  doublet  could  originate 
from  structural  Fe3+  ions  in  the  ferri-olivines  and/or  interstitial  nanocrystalline 
Fe(III)  oxides  {5}  resulting  from  oxidation  of  Fe2+  in,  and  diffusion  of  Fe  - from,  t e 
olivine  structure  {2}.  The  4.2°K  spectra,  however,  reveal  a magnetic  sextet 
originating  from  ferrifayalite  alone,  in  fayalites  heated  to  300°C  and  400°C.  By  600°C , 

hematite  sextets  are  also  present  and.  after  10  days'  heating  at  this  temperature,  a 
maghemite  sextet  joins  that  of  hematite.  These  two  Fe203  phases  persist  in  fay *\itcs 

heated  to  higher  temperatures,  but  the  proportion  of  ferrifayalite  decreases.  In  4.2  K 
soectra  of  Mg-Fe  and  Mn-Fe  olivines  heated  to  600°C,  sextets  comparable  to  that  of 
ferrifayalite  appear  (c.f.  Fig.  lc  in  the  accompanying  abstract  {6})  but  no  hematite  is 
present  Prolonged  heating  at  600°C  and  higher  temperatures  produced  maghemite- 
like  sextets  (which  could  also  be  assigned  to  spinel  MgFe204  or  MnFe204  phases)  in  the 

4 2°K  soectra  of  each  olivine. 

T? p«i, Its*  Refiprtanrp  Soectra.  Characteristic  spectral  features  0 ‘olivine  ,n 

visible-near  infrared  region,  which  enable  this  Mg-Fe  silicate  to  be  identified 
telescopic  reflectance  spectral  measurements  of  terrestrial  planets  { }> 

highlighted  in  Figure  1 and  include:  the  Fe**  (M2  site)  band  centered  at  1.05  pm;  the 
Fe82+  (Ml  site)  bands  occurring  at  -0.85  and  -1.20  pm;  and,  sometimes,  the  Fe  (spin- 

forbidden  peak  at  0.63  pm  (Fig.  la).  However,  with  increasing  oxidation  of  structural 
Fe2+  ions  in  olivine  to  Fe3*,  a red-shift  of  the  ultraviolet  absorption  edge  into  the 
visible  region  occurs  which  obliterates  the  0.63  pm  peak  and  masks  the  0.85  pm  band 
(Figs  lb  Tc).  The  appearance  of  Fe203  phases  further  obscures  the  diagnostic 

olivine-Fe2*  bands  at  1.05  and  1.20  pm  (Fig.  Id).  The  refiectance  spectra  illustrated  in 
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Figure  1 indicate  that  absorption  due  to  Fe3+  ions  in  (Mg,Fe2  + )xFe3  + ySi04  ferri- 
olivines,  as  well  as  maghemite  or  hematite,  contribute  significantly  to  the  0.40-0.90 

micron  region,  in  which  Fe3'*'  crystal  field  and  Fe2+-Fc3+  intervalence  transitions  are 
located  {8}. 

Applications Ln Mars.  Petrological  studies  {9,10}  suggest  that  Fe-rich  basaltic 

melts,  formed  by  partial  melting  of  the  martian  mantle,  may  have  erupted  as  highly 
turbulent  komatiitic  lava  flows  {11}  which,  on  account  of  their  very  low  viscosities, 
covered  vast  areas  of  the  planet  and  underwent  rapid  cooling  as  they  thermally 
eroded  the  surface  {12}.  Hortonolite  crystallizing  from  the  lava  flows  was  vulnerable 
to  aerial  oxidation  and  might  have  produced  ferric-bearing  olivine  and 

nanocrystalline  Fe203  phases.  These  surface  oxidation  products  on  basaltic  lava  flows 
may  contribute  to  the  0.8- 1.2  pm  region  of  "dark"  areas  on  Mars  {3}.  The  olivines 
would  also  be  susceptible  to  chemical  weathering  by  acidic  hydrosphere  if  sub- 
aqueous extrusion  of  the  komatiitic  lavas  occurred  {13}. 
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Am.  Mineral.,  70,  737  (1985);  {3}  R.B. Singer,  Adv.  Space  Sci.,  5,  59  (1985);  {4} 
C. Pieters,  JGR,  88.  9534  (1983);  {5}  R.W. Morris  et  al..  Lunar  Planet.  Sci.,  XVIII,  668 
(1987);  JGR,  in  press.;  {6}  R.G.Bums,  this  vol.;  {7}  C.  Pieters  et  al.,  JGR.  90,  12393 
(1985);  {8}  R.G.Bums,  Ann.  Rev.  Earth  Planet.  Sci.,  9,  345  (1981);  {9}  G.Bussod  & 
T.R.McGetchin,  Lunar  Planet.  Sci.,  X,  172  (1979);  {10}  C.M.Bertka  & J.R. Holloway,  Proc. 
18th  LPSC,  723  (1988);  {11}  H.E.Huppert  et  al..  Nature,  309,  19  (1984);  {12}  A K Baird  & 
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Figure  1.  Reflectance  spectra  of  olivine  (Fais)  before  and  after  aerial  oxidation. 
Positions  are  highlighted  of  the  characteristic  Fe2+  crystal  field  transitions  in 
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SULFIDE  MINERALIZATION  RELATED  TO  EARLY  CRUSTAL 
EVOLUTION  OF  MARS 

Roger  G.  Burns  and  Duncan  S.  Fisher,  Department  of  Earth,  Atmospheric  and  Planetary 
Sciences,  Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts  02139. 

Summary.  Komatiitic  magmatism,  which  occurred  on  Earth  during  stabilization  of  the  crust 
in  the  Archean  and  was  associated  with  ultramafic  Fe-Ni  sulfide  ores  and  massive  volcanogenic 
Fe-Cu-Zn  sulfide  deposits,  lasted  longer  on  Mars.  As  a result,  ore  deposits  evolved  little  on 
Mars  from  these  pyrrhotite-pentlandite  and  pyrite-chalcopyrite-sphalerite  assemblages  due  to 
minimal  interactions  of  martian  mantle  with  the  crust,  hydrosphere  and  atmosphere. 
Background.  The  age  and  formation  of  continental  crust  on  Mars  and  the  existence  of  highland 
terrains  in  the  southern  hemisphere  remain  fundamental  problems  in  the  evolution  of  that 
planet.  On  Earth,  stabilization  of  the  crust  and  the  development  of  proto-continents  took  place 
during  the  Archean,  >3.8  to  2.5  billion  years  (b.y.)  ago,  and  were  associated  with  rock-types 
characteristic  of  that  era,  including  komatiitic  mafic  and  ultramafic  igneous  rocks  in  greenstone 
belts.  Distinctive  ore  deposits  are  associated  with  these  komatiites  and  other  Archean  rock- 
types  [1],  including  banded  iron  formations,  gold-uraninite  conglomerates,  and  disseminated 
and  massive  sulfide  mineralizations  hosted  by  volcanic  and  plutonic  rocks  [2,3].  However, 
terrestrial  ore-forming  processes  have  evolved  over  geologic  time  as  a result  of  plate  tectonic 
activity  along  subduction  zones,  as  well  as  by  interactions  of  the  crust  with  the  hydrosphere, 
developing  atmosphere  and  evolving  biosphere  [2-4].  The  inference  that  sulfide  ore  deposits 
may  exist  on  Mars  [5]  is  based  on  compositional  and  petrographic  similarities  noted  between 
komatiites  (the  host  rock  for  terrestrial  massive  Fe-Ni  sulfides),  SNC  meteorites  and  the 
silicate  portion  of  Martian  regolith  fines  [6-8].  Paragenetic  relationships  that  might  exist 
between  these  mafic  and  ultramafic  igneous  rocks  on  Mars  raise  questions  about  the  localitions 
of  possible  Archean-type  sulfide  and  related  ore  deposits  on  Mars,  and  whether  or  not  they  have 
undergone  tectonically-induced  temporal  variations  on  that  planet,  too.  Did  ore  deposition  take 
place  on  Mars  during  the  formation  of  its  crust,  what  were  the  emplacement  mechanisms,  and 
how  have  such  ore  deposits  influenced  the  geochemical  evolution  of  the  surface  of  that  planet? 
These  problems  are  central  to  our  investigations  of  the  evolution  of  Fe-S  minerals  on  Mars 
[5,9],  clues  to  which  may  be  deduced  from  associations  of  terrestrial  ore  deposits  with  Earth's 
earliest  crustal  rocks. 

Temporal  Patterns  of  Ore  Distribution  on  Earth.  The  types  and  stratigraphic  settings 
of  ore  deposits  have  changed  through  geologic  time  in  response  to  the  tectonic  and  chemical 
evolution  of  the  Earth  [1-4].  They  encompass  chromite  deposits  found  in  the  oldest  preserved 
crustal  rocks  (e.g.  the  pre-3.8  b.y.  old  Isua  supracrustal  belt  in  West  Greenland)  to  present- 
day  sulfide  "chimneys"  and  ferromanganese  oxide  crusts  forming  at  oceanic  spreading  centers 

(e.g.  at  21  °N  along  the  East  Pacific  Rise).  The  ore  deposits  include  mineralizations  occurring  in 
different  types  of  igneous  and  sedimentary  environments.  Types  of  mineral  deposit  are 
unequally  distributed  in  time  due  to  the  interplay  of  processes  related  to  the  composition,  heat 
flow  and  convective  motions  of  the  Earth's  mantle,  and  the  evolution  of  Earth's  oxygen  budget, 
the  atmosphere,  and  life.  The  temporal  patterns  demonstrate  that  the  proportion  of  ore  deposits 
associated  with  volcanic  activity  was  greater  in  the  Archean  than  in  more  recent  geologic  eras. 
Sediment-hosted  and  granitic  crust-controlled  mineralizations  became  increasingly  important 
during  the  second  half  of  Earth's  history  as  crustal  (tectonic),  biological,  and  atmospheric 
(oxidation)  interactions  took  effect.  Thus,  volcanic-hosted  porphyry  copper,  Cyprus-type 
(ophiolites),  and  Kuroko-type  massive  sulfides,  as  well  as  sediment-hosted  Pb-Zn  sulfide  ores, 
are  comparatively  recent  deposits  and  probably  did  not  evolve  on  Mars.  Although  sedimentary 
ore-types  such  as  banded  iron  formations  and  placer  gold-pyrite-uraninite  conglomerates  were 
prevalent  during  the  Archean  [2,3],  it  is  the  igneous-hosted  sulfide  ore  deposits  that  are 
diagnostic  of  that  era  of  early  crustal  development  on  Earth  [1]  and  may  be  more  relevant  to 
Mars.  Since  the  focus  is  on  sulfide  mineralization,  cumulate  chromite  deposits  which  are  found 
in  mafic  igneous  rocks  spanning  the  whole  range  of  geologic  time  (and  may  also  exist  on  Mars 
because  they  are  observed  in  some  SNC  meteorites  [10,11])  are  not  considered  further. 
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Sulfide  Mineralization  During  the  Archean.  Sulfide  ores  associated  with  mafic  and 
ultramafic  igneous  rock-types  [12]  that  were  deposited  in  terrestrial  rocks  during  the 
Archean  include:  (1)  komatiitic  (Kambalda-type)  and  tholeiitic  (Noranda-  or  Abitibi-type) 
flows  and  intrusions  in  greenstone  belts;  (2)  gabbroic  intrusions  either  feeding  flood  basalt 
activity  associated  with  intracontinental  rift  zones  (e.g.  Duluth)  or  occurring  as  layered 
complexes  (e.g.  Stillwater);  and  (3)  norites  intruding  an  astrobleme  (Sudbury-type).  The 
komatiitic  suites,  alone,  are  almost  totally  confined  to  the  Archean  era.  Although  they  are 
associated  in  space  and  time  with  Noranda-type  calc-alkaline  suites,  the  latter  volcanogenic 
massive  sulfide  deposits  in  a modified  form  are  also  found  in  younger  igneous  rocks  [2,3].  So, 
too,  are  sulfides  in  layered  intrusions  (e.g.  Bushveld),  while  the  impact  event  producing  sulfide 
ores  at  Sudbury  1 .84  b.y.  ago  is  also  relatively  young. 

Komatiitic  Sulfide  Deposits.  In  Archean  greenstone  belts,  older  broad  basal  platforms  of 
mafic  and  ultramafic  komatiitic  flows  are  overlaid  by  scattered  subshields  and  stratovolcanic 
calc-alkaline  volcanic  rocks  consisting  of  tholeiitic  basalt  and  andesitic  flows  and  pyroclastic 
deposits  which  are  capped  by  dacitic  to  rhyolitic  tuffs  [13].  Repeated  cycles  built  thick  (~10 
km)  sequences  of  these  volcanic  deposits  which  were  extruded  in  a continuously  subsiding 
submarine  environment.  The  komatiitic  suites  host  sulfide  mineralization  consisting  of 
pyrrhotite-pentlandite  (±  chalcopyrite,  pyrite)  deposits  which  occur  as  stratabound  lenses  or 
sheets  a few  meters  thick  at  the  base  of  magnesian  ultramafic  lava  flows.  These  Fe-Ni  sulfides 
appear  to  have  formed  by  gravitational  separation  of  an  immiscible  sulfide  liquid  from  the  mafic 
or  ultramafic  magma.  Petrogenic  models  based  on  experimental  studies  [14]  indicate  that 
komatiitic  magmas  may  represent  large-percentage  partial  melts  of  the  mantle,  requiring  very 
high  extrusion  temperatures  (1425-1650  C,  [12,14])  and  suggesting  diapiric  emplacement 
from  depths  in  excess  of  200-400  km  [14,15].  Such  magma  erupting  to  the  Earth's  surface 
could  transport  high  concentrations  of  sulfur,  either  dissolved  in  the  magma,  or  as  immiscible 
FeS  melts.  Experimental  measurements  [1 6,17]  have  demonstrated  that  the  solubility  of 
sulfur  increases  with  rising  temperature,  pressure,  FeO  content,  and  sulfur  fugacity  (but 
decreasing  oxygen  fugacity)  of  silicate  melts.  Temperature,  in  particular,  magnifies  the 
capacity  of  a melt  to  dissolve  sulfur  by  a factor  of  5 to  7 times  per  100  degree  increment  [16]. 
Thus,  an  experimental  komatiitic  melt  accomodating  0.1  wt  % S at  1200  C indicates  that 
several  percent  of  dissolved  sulfide  could  be  transported  to  the  surface  at  extrusion 
temperatures  believed  to  be  in  the  range  1400-1600  C,  particularly  during  the  Archean  when 
geothermal  gradients  were  significantly  higher  than  they  are  now. 

The  Noranda-type  massive  sulfides  occurring  in  overlying  volcanogenic  deposits  associated 
with  komatiites  are  stratabound  lenticular  bodies  of  pyrite  mineralization  containing  variable 
amounts  of  chalcopyrite  and  sphalerite  [1].  These  Fe-Cu-Zn  sulfides  were  deposited  on  and 
below  the  seafloor  by  hydrothermal  solutions  quenched  by  seawater.  They  differ  from  more 
recent  Cyprus-type  and  present-day  spreading-center  ore  bodies  in  their  tectonic  setting  and 
by  containing  only  minor  Pb  as  galena. 

Archean  Crustal  Evolution.  Two  mechanisms  have  been  proposed  for  triggering  the 
komatiitic  peridotite-basaltic  volcanism  during  the  Archean  [1,18]:  first,  sustained 
bombardment  of  the  surface  by  meteorites  which  enabled  the  thinly  crust-covered  mantle  to  be 
tapped  producing  lunar  maria-type  vulcanism  [18];  and  second,  magmatism  resulted  from  the 
higher  heat  flow  then,  inferred  from  geochemical  and  radioactive  decay  data.  Turbulent 
processes  in  the  mantle  probably  resulted  in  smaller,  more  abundant  convective  cells  than  in 
later  times.  Initial  volcanic  activity  characterized  by  ultramafic  flows  and  Fe-Ni  sulfide 
mineralization  may  have  been  initiated  by  breakage  of  the  thin  Archean  crust,  which  established 
zones  of  high  heat  flow  and  set  up  partial  melting  of  the  upper  mantle  to  provide  basaltic  magma. 
As  foundering  continued,  the  basaltic  crust  itself  was  recycled  by  partial  melting,  and  andesite 
to  rhyolite  magmas  were  generated,  along  with  Fe-Cu-Zn-S  components  for  the  ultimate 
massive  sulfide  ore-bodies.  Thus,  vertical  tectonics  involving  the  sinking  of  simatic 
lithospheric  slabs  accompanied  by  diapiric  upwelling  led  to  a succession  of  divergent  magma 
types  and  ore  deposits  dominated  by  pyrrhotite-pentlandite  and  pyrite-chalcopyrite-sphalerite 
assemblages  found  in  Archean  greenstone  belts. 
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WEATHERING  OF  SULFIDES  ON  MARS 

Roger  G.  Burns  and  Duncan  S.  Fisher,  Department  of  Earth,  Atmospheric  and  Planetary 
Sciences,  Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139. 

Background.  The  presence  of  massive  volcanoes  in  the  Tharsis  and  Elysium  regions,  the 
distinctive  petrology  of  SNC  meteorites,  and  a compendium  of  results  from  the  Viking 
Lander  experiments  all  point  to  extrusive  and  plutonic  mafic  and  ultramafic  igneous  rocks 
on  Mars  having  analogies  to  terrestrial  komatiites  [1].  On  Earth,  the  latter  are  associated 
with  massive  and  disseminated  sulfides  containing  pyrrhotite,  pentlandite,  and  accessory 
pyrite  and  chalcopyrite  [2].  Near-surface  oxidation  of  these  sulfides  have  produced 
conspicuous  rust-colored  gossans,  which  often  betray  the  occurrence  of  unexposed  ore 
deposits  (Figure  1).  Studies  of  gossans  and  sub-surface  minerals  [3-5]  suggest  pathways 
of  oxidative  weathering  reactions  that  may  be  applicable  to  Mars. 

Pyrite  is  pivotal  to  chemical  weathering  reactions  of  sulfides.  It  may  occur  as  a minor 
constituent  of  primary  igneous  sulfides,  or  be  formed  by  supergene  reactions  involving 
deep  weathering  of  pyrrhotite  (see  equation  {1}  in  Table  1.).  At  or  near  the  water  table, 
oxidation  of  pyrite  by  aerated  groundwater  occurs  {5}, {6}.  Ferric  iron  liberated  in  this 
reaction,  not  only  promotes  the  initial  alteration  of  pyrrhotite  {1}  and  of  pentlandite  (2) 
to  secondary  sulfides  in  the  absence  of  dissolved  oxygen,  but  also  aids  the  dissolution  of 
pyrite  (3}  below  the  water  table.  Supergene  enrichment  reactions  also  occur  there  (4), (7), 
leading  to  high  concentrations  of  Ni,  etc.  in  secondary  sulfides.  Strongly  acidic  and  sulfate- 
rich  groundwater  is  produced  which  stabilizes  dissolved  ferrous  iron  and  a variety  ot 

complex  ferric  ions  [6]  including  those  listed  in  {11}  and{12}).  At  elevated  temperatures, 
these  complexes  produce  of  a variety  of  hydroxo-ferric  sulfate  sols  [7]  (e.g  carphosjdente 
(11}  {12}),  which  may  be  the  precursors  to  a number  of  ferric  sulfate  minerals  18  J otte 
found’  in  gossans  in  arid  regions.  In  less  acidic  environments  above  the  water  tab  e, 
dissolved  ferric  ions  and  monodispersed  sols  are  hydrolysed  to  poorly  crystalline  FeOO 
phases  (e.g.  ferrihydrite,  goethite  {8} -{ 1 0},{  13} ,{ 14}},  which  coexist  with  silica  opal, 
jasper)  and  the  hydrated  ferric  sulfate  minerals  in  gossans.  The  fields  of  relative 

stabilities  of  gossaniferous  phases  are  depicted  in  the  oxidation-acidity  diagram  shown  in 

F,8UThe  reactions  formulated  in  Table  1 demonstrate  that  groundwater  in  the  vicinity  of 

oxidizing  sulfides  is  highly  acidic.  Such  low  pH  solutions  promote  the  chemical  weathering 
of  feldpars,  pyroxenes  and  olivine  in  host  igneous  rocks  [9],  liberating  dissolved  silica,  Al, 
Ca  Mg  Na  and  additional  Fe  ions,  and  producing  secondary  clay  silicates  (e.g.  smectite)  and 
iron  oxyhydroxides.  On  Earth,  seafloor  basalts  and  gabbros  erupting  along  submarine 

spreading  centers  have  undergone  extensive  hydrothermal  alteration  by  seawater 
circulating  through  underlying  tectonically-fractured  oceanic  crust.  As  a result,  the  acidity 
of  aqueous  solutions  is  buffered  by  seawater-basalt  interactions,  leading  to  the  slight 

alkalinity  (pH  8.2)  of  present-day  terrestrial  oceans.  . . L , . , 

The  oxidative  power  of  atmospheric  oxygen  is  the  driving  force  in  the  weathering  ot 
sulfides  (in  the  absence  of  bacterial  activity).  The  dissolution  of  oxygen  in  groundwater 
and  its  migration  to  sulfide  reaction  centers  involve  diffusion  processes  and  are  probably 
rate-controlling.  When  the  concentration  of  dissolved  oxygen  is  very  low  and  the  supply 
of  water  is  limited,  oxidative  reactions  become  sluggish  and  involve  hydrogen  peroxi  e. 
Furthermore,  ferric-bearing  solutions  may  liberate  elemental  sulfur.  Thus,  metastablc 

sulfur  is  observed  in  pyrite-jarosite-sulfur  assemblages  associated  with  some  ultramatic 

pyrrhotite-pentlandite  deposits  [10].  , „ 

Martian  Weathering.  On  Mars,  where  plate  tectonic  activity  appears  to  have  been 
insignificant,  vast  volumes  of  iron-rich  basaltic  magma  has  reached  the  surface  of  the 
planet  via  immense  shield  volcanoes.  Fracturing  associated  with  this  volcamsm  as  well  as 
impact  cratering,  facilitated  deep-weathering  reactions  by  permeating  groundwater  early 
in  the  history  of  Mars.  However,  the  apparent  absence  of  spreading  centers  and  subduction 
zones,  which  cause  recycling  of  the  Earth's  crust,  has  minimized  acid-buffering  of  aqueous 


217 


Table  1.  Chemical  Weathering  Reactions  Involving  Sulfides 
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solutions  by  wall-rock  alteration  on  Mars.  Therefore,  the  acidity  of  groundwater,  now 
permafrost,  may  have  been  maintained  during  the  chemical  evolution  of  the  martian 
surface,  thereby  aiding  the  solubility  and  transport  of  Fe,  Al,  Mg,  Ni,  silica,  etc. 
Geomorphological  evidence  attesting  to  the  flow  of  water  on  Mars  suggests  that  gossan- 
forming reactions  may  have  occurred  in  the  past.  However,  the  present-day  cold  surface  of 
Mars  has  impeded  deep-weathering  of  sulfides  in  host  basaltic  rocks  due  to  slow  reaction 
rates  and  restricted  access  of  dissolved  oxygen  or  ferric  iron  to  reaction  centers. 
Nevertheless,  some  oxidative  weathering  may  still  be  occuring  in  the  frozen  environment 
on  Mars,  as  indicated  by  the  oxidation  of  Fe  and  FeS  phases  observed  in  Antarctic 
meteorites  [11].  When  sublimation  of  martian  permafrost  occurs,  species  held  in  solution 
could  be  hydrolysed,  precipitated  as  colloidal  material  and  transported  in  dust  storms.. 
Discussion.  Evidence  for  gossan  formation  on  Mars  stems  from  several  sources.  First, 
remote-sensed  reflectance  spectral  profiles  are  matched  closely  by  ferrihydrite-silica  gels 
and  jarosite-bearing  clay  assemblages  [12],  Second,  jarosite  which  is  so  characteristically 
an  oxidative  weathering  product  of  iron  sulfides,  may  be  present  in  SNC  meteorites  [13,14] 
believed  to  have  originated  from  Mars.  Third,  the  magnetic  phase  detected  in  the  Viking 
magnetic  experiment  [15]  may  be  remnant  pyrrhotite  which  has  been  incompletely 
oxidized,  particularly  if  the  level  of  the  water  table  has  dropped  on  Mars.  Finally,  a limited 
supply  of  water  and  a low  concentration  of  dissolved  water,  which  favor  the  formation  of 
hydrogen  peroxide  and  promote  the  production  of  peroxide  and  superoxide  phases,  may 
account  for  results  obtained  in  the  Viking  biology  experiments  [16], 

Summary.  Pyrrhotite-pentlandite  assemblages  in  mafic  and  ultramafic  igneous  rocks 
may  have  contributed  significantly  to  the  chemical  weathering  reactions  that  produced 
degradation  products  in  the  martian  regolith.  By  analogy  with  terrestrial  processes,  a 

model  is  proposed  whereby  supergene  alteration  of  these  primary  Fe-Ni  sulfides  on  Mars 
has  generated  secondary  sulfides  (e.g.  pyrite)  below  the  water  table  and  produced  acidic 
groundwater  containing  high  concentrations  of  dissolved  Fe,  Ni  and  sulfate  ions.  The  low 
pH  solutions  also  initiated  weathering  reactions  of  igneous  feldspars  and  ferromagnesian 
silicates  to  form  clay  silicate  and  ferric  oxyhydroxide  phases.  Near-surface  oxidation  and 
hydrolysis  of  ferric  sulfato-  and  hydroxo-complex  ions  and  sols  formed  gossans  above  the 
water  table  consisting  of  poorly  crystalline  hydrated  ferric  sulfates  (e.g  jarosite),  oxides 
(ferrihydrite,  goethite)  and  silica  (opal).  Underlying  groundwater,  now  permafrost, 
contains  hydroxo  sulfato  complexes  of  Fe,  Al,  Mg,  Ni,  etc.,  which  may  be  stabilized  in  frozen 
acidic  solutions  beneath  the  surface  of  Mars.  Sublimation  of  permafrost  may  replenish 

colloidal  ferric  oxides,  sulfates  and  phyllosilicates  during  dust  storms  on  Mars. 
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Figure  2 (previous  page,  bottom  right).  Eh-pH  diagram  at  25° C for  pyrite  and  its 
oxidative  products,  including  jarosite  and  FeOOH,  occurring  in  gossans.  Heavy  lines 
correspond  to  0.01M  each  of  K,  total  Fe  and  total  S dissolved  species.  The  area  bounded  by 
dashed  lines  represents  the  approximate  stability  field  of  jarosite  expanded  by  K-Na  and 
Fe-Al  atomic  substitutions.  Ranges  of  pE  and  pH  measured  in  oxidized  pyrrhotite- 
pentlandite  assemblages  are  shown.  Also  shown  are  pE-pH  curves  for  dissolved  oxygen  in 
equilibrium  with  the  atmospheres  of  Earth  and  Mars. 
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ACID  WEATHERING  ON  MARS:  SPECTROSCOPIC  INVESTIGATIONS 

OF  SULFURIC  ACID-DEGRADED  OLIVINES  AND  SULFIDES 
Duncan  S.  Fisher  and  Roger  G.  Burns,  Dept,  of  Earth.  Atmospheric  & Planetary 
Sciences.  Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts  02139. 

Introduction.  Komatiitic  lavas  derived  from  partial  melting  of  the  martian  mantle 
may  have  transported  significant  concentrations  of  sulfur  to  the  surface  of  Mars  to 
be  deposited  there  as  massive  and  disseminated  iron  sulfides  {1}.  Oxidative 
weathering  reactions  have  been  proposed  {2,3}  in  which  supergene  alteration  of 
these  primary  pyrrhotite-pentlandite  deposits  by  dissolved  Fe3  + ions  percolating 
from  the  regolith  has  generated  secondary  sulfides  (pyrite,  marcasite,  violarite). 
producing  acidic  groundwater  with  high  concentrations  of  iron  and  sulfate  ions  that 
initiated  chemical  weathering  of  igneous  silicates  and  formed  gossaniferous  ferric 
oxide,  sulfate  and  phyllosilicate  phases  {2,3}.  To  test  this  model  of  oxidative 
weathering  of  basalts  on  Mars,  spectroscopic  measurements  described  here  were 
made  on  acid-degraded  Fe2  + -bearing  olivines  and  sulfides. 

Experimental  Details.  Powdered  samples  of  two  olivines  (hortonolite  Fa49  and 

synthetic  fayalite)  and  two  sulfides  (troilite  and  pyrrhotite)  were  reacted  with 
sulfuric  acid  (pH  2 or  4)  at  60°C  or  80°C  (±  dissolved  ferric  sulfate  added)  for  time 
periods  ranging  from  7 to  30  days.  Reaction  products  were  measured  by  Mossbauer 
spectroscopy  at  ambient  (295°K)  and  liquid  helium  (4.2°K)  temperatures  to 

characterize  x-ray  amorphous  Fe3  + -bearing  phases.  Reflectance  spectral 
measurements  in  the  0.4- 1.8  pm  region  were  also  made  on  the  reaction  products  using 
the  RELAB  facility  at  Brown  University  {4}. 

Results; Mossbauer Spectra.  The  295°C  spectrum  of  each  olivine  after  its  reaction 

with  sulfuric  acid  contains  a ferric  doublet  (in  addition  to  the  olivine  Fe2+  doublet), 
the  relative  intensity  of  which  is  greater  for  fayalite  and  highest  when  catalytic  Fe3  + 
ions  are  present.  In  4.2°K  spectra,  sextets  appear  with  magnetic  hyperfine  splitting 
parameters  resembling  those  of  goethite  (see  Fig.  Id  in  the  accompanying  abstract 
{5}).  The  goethite  peaks  are  more  intense  in  the  presence  of  Fe3  + ions,  hydrolysis  of 
which  is  unlikely  in  these  acidic  solutions.  Indeed,  the  appearance  of  goethite  in 
solutions  initially  free  of  catalytic  Fe3+  ions  demonstrates  that  oxidation  of  structural 
Fe2+  ions  in  the  olivines  had  occurred.  Similar  results  were  obtained  for  troilite  and 
pyrrhotite.  However,  the  4.2°K  spectra  of  each  H2S 04-degraded  sulfide  reveal  the 
presence  of  diamagnetic  pyrite  or  marcasite  in  addition  to  goethite,  the  relative 
proportion  of  the  FeS2  phase  being  highest  in  Fe3  + -cata!ysed  reactions.  This 
observation  suggests  that  sulfuric  acid  (in  the  presence  and  absence  of  Fe3  + ) had 
induced  pyrrhotite  — > pyrite  — ► FeOOH  reactions,  in  support  of  our  model  for 

supergene  reactions  involving  iron  sulfides  {2,3}. 

Results; — Reflectance Spectra.  The  degradation  of  olivine  to  goethite  has  drastic 

effects  on  Fe2+  crystal  field  spectra  shown  in  Figure  1.  Not  only  does  the  absorption 
edge  extend  further  into  the  visible  region  with  the  appearance  of  goethite,  but  the 
diagnostic  olivine-Fe2+  crystal  field  bands  at  -0.85  pm  (Ml  site)  and  1.05  pm  (M2  site) 
become  obscured,  particularly  in  products  of  reactions  catalysed  by  Fe3+  ions.  These 
effects  are  caused  by  increased  contributions  to  the  reflectance  spectra  from 
goethite-Fe3+  crystal  field  transitions  at  0.65  pm  and  0.92  pm,  which  appear  also  in  the 
reflectance  spectra  of  opaque  troilite  and  pyrrhotite  (Figure  2). 

Applications tp Mars.  The  presence  of  -3  wt.%  sulfur  in  the  martian  regolith, 

deduced  to  be  present  there  as  sulfate-bearing  minerals  (e.g.  anhydrite,  jarosite, 
scapolite),  indicates  that  large  quantities  of  sulfur  was  brought  to  the  surface  of 

Mars,  either  as  sulfide  mineralization  associated  with  komatiite  magmas  { 1 } , or  as 
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exhalates  of  SO2  or  H2S  {6}.  Sulfuric  acid  must  have  been  produced,  either  by 
precipiation  or  condensation  of  volcanic  gases  {7},  or  by  oxidative  weathering  of  the 
massive  or  accessory  iron  sulfide  minerals  {2,3},  resulting  in  acidic  groundwater 
and  permafrost  on  Mars.  Chemical  weathering  of  primary  silicate  and  sulfide 
minerals  in  olivine-rich  basalts  by  such  acidic  groundwater  has  produced  Fe(III) 
oxide  phases,  which  now  may  contribute  to  remote-sensed  spectral  profiles  of  the 
martian  surface,  particularly  "dark-region"  spectra  {8}. 

References,  fl  1 R.G.Bums  & D.S. Fisher,  MEVTV/LPI  Wkshp  "Early  Tectonic  and 
Volcanic  Evolution  of  Mars",  in  press;  {2}  R.G.Bums,  Proc.  18th  LPSC,  p.7 1 3 (1988); 
{3}  R.G.Bums  & D.S. Fisher,  MEVTV/LPI  Tech.  Rept.  88-05,  34  (1988);  {4}  C. Pieters. 
JGR,  88.  9534  (1983);  {5}  R.G.Bums,  this  vol.;  {6}  B.C.CIark  & A.K.Baird,  JGR,  84,  8395 
(1979);  {7}  M.  Settle,  JGR,  84,  8343  (1979);  {8}  R.B. Singer,  Adv.  Space  Res.,  5.  59  (1985); 
{9}  Research  supported  by  NASA  grants  NAGW-1078  & NSG-7604.  We  thank  Steve 
Pratt  for  the  reflectance  spectral  measurements. 
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Figure  1.  Reflectance  spectra 
of  olivine  (Fa49>  before  and  after 
reaction  with  sulfuric  acid  in 
the  presence  and  absence  of 
ferric  sulfate.  Note  the  loss  of 
resolution  of  the  characteristic 
olivine  Fe^+  band  at  1.05  pm. 

Figure  2.  Reflectance  spectra 
of  pyrrhotite  after  reactions 
with  sulfuric  acid  (±  ferric 
sulfate  added).  Note  the 
appearance  of  goethite  spectral 
features  at  0.65  and  0.92  pm 
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CHEMICAL  WEATHERING  UNDER  SUB-FREEZING  CONDITIONS:  SPECIAL 
EFFECTS  OF  ICE  NUCLEATION, 

James  L.  Gooding,  SN21 /Planetary  Science  Branch,  NASA/Johnson  Space  Center, 
Houston,  TX  77058. 

Introduction.  Chemical  reactions  between  water  and  minerals  on  frozen  planetary  bodies  should  be 
seriously  constrained  by  the  very  limited  availability  of  water  in  its  most  reactive  (liquid)  form.  For 
temperatures  at  or  below  the  freezing  temperature  for  pure  bulk  water,  liquidity  will  be  controlled  by 
the  physics  of  water  in  capillary  pores  and  as  films  on  mineral  surfaces.  Porosity  and  surface-area 
controls  of  unfrozen  water  have  been  elaborated  by  D.  M.  Anderson  and  co-workers  since  the  early 
1960s  [1].  A separate  effect,  differential  ice  nucleation  by  various  mineral  substrates,  has  been 
recognized  but  not  elaborated  with  regard  to  hydrocryogenic  chemical  processes.  This  paper 
emphasizes  how  the  abilities  of  various  minerals  to  nucleate  ice  from  undercooled  water  can  influence 
the  course  of  low-temperature  geochemical  processes. 

Thermodynamic  Impulse  for  Chemical  Reaction*  At  temperatures  above  the  freezing  point 
of  water,  where  liquid  water  is  freely  available,  the  first-order  measure  of  the  likelihood  of  a water- 
based  chemical  reaction  is  the  computed  Gibbs  free-energy  change  for  the  reaction,  A G.  Because 
A G = -RT  In  K,  relative  favorabilities  are  conveniently  compared  in  terms  of  their  respective  values  of 
the  reaction  constant,  K (or  log  K).  For  all  other  factors  being  constant,  and  ignoring  kinetics, 
favorability  of  reaction  is  expected  to  increase  with  increasing  value  of  log  K. 

Ice  Nucleation  and  Ice/Mineral  Disregistry.  In  geologic  environments,  including  water- 
bearing atmospheres,  condensation  of  liquid  water  or  water  vapor  to  water-ice  occurs  through 
heterogeneous  nucleation  on  mineral  particles.  Minerals  exhibit  wide  variations  in  efficiency  in  ice 
nucleation,  leading  to  possible  survival  of  undercooled  liquid  water  to  as  much  as  10-13°  K below  the 
equilibrium  freezing  point  [2,3].  The  relative  favorabilities  for  ice  nucleation  on  water- insoluble 
mineral  surfaces  can  estimated  by  computing  the  crystallographic  mismatch  between  the  mineral  and 
ice  structures.  The  minimum  absolute  value  of  the  crystallographic  mismatch  or  disregistry,  /£/,  for  a 
given  mineral  can  be  compared  with  equivalent  values  for  other  minerals.  All  other  factors  being 
constant,  minerals  with  lowest  values  of  /$/  are  expected  to  nucleate  water-ice  most  effectively  and, 
hence,  permit  the  least  amount  of  undercooling  below  the  freezing  point  [2]. 

Aqueous  Alteration  At  Sub-Freezing  Temperatures.  Water-based  chemical  reactions 
should  proceed  if  they  have  favorable  thermodynamic  impulse  and  if  liquid  water  is  available  as  a 
reactant  or  an  enabling  medium.  At  sub-freezing  temperatures  in  a wet  geologic  medium,  the 
prospects  for  undercooled  liquid  water  should  be  inversely  related  to  the  effectiveness  of  the  mineral 
grains  in  nucleating  ice.  Efficient  immobilization  of  water  by  freezing  into  ice  should  largely  arrest 
water-based  processes  and  protect  the  mineral  grains  from  aqueous  reactions.  Minerals  with  large 
values  of  / 5/  should  be  most  susceptible  to  contact  with  undercooled  liquid  water.  Accordingly,  the 
relative  susceptibilities  of  various  minerals  to  hydrocryogenic  alteration  can  be  plotted  in  terms  of 
thermodynamic  impulse  (log  K)  and  vulnerability  to  contact  with  under  cooled  liquid  water  (/S/ ). 

Computations  for  common  minerals  in  planetary  rocks  and  meteorites  (Fig.  1)  suggest  some 
important  differences  between  alteration  under  sub-freezing  conditions  and  alteration  under  non- 
freezing  conditions.  If  ice  nucleation  can  be  ignored,  olivine  and  pyroxene  should  have  comparable 
propensities  for  reaction,  as  suggested  by  their  similar  ranges  for  log  K.  If  ice  nucleation  is  important, 
however,  olivine  should  be  more  susceptible  to  alteration  than  is  pyroxene  because  olivine  is  less 
effective  at  nucleating  ice  (i.e.,  larger  value  of  /£/).  In  addition,  plagioclase  is  expected  to  be  less 
susceptible  to  alteration  than  is  olivine  (based  on  log  K values  alone)  unless  sub-freezing  conditions 
apply,  in  which  case  olivine  and  plagioclase  should  have  very  similar  vulnerabilities  to  undercooled 
liquid  water  (i.e.,  similar  values  of  /$/).  The  computed  thermodynamic  impulse  for  reaction  of  basalt 
glass  (log  K = 15-30)  is  similar  to  that  for  augite.  Although  meaningful  values  of  /S/  cannot  be 
computed  for  glasses,  the  value  appropriate  for  basalt  glass  would  probably  be  a very  large  number  that 
would  plot  far  to  the  right  of  augite  in  Fig.  1.  Consequently,  basalt  glass  might  be  the  phase  most 
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susceptible  to  chemical  alteration  under  sub-freezing  conditions  on  Mars.  Similarly,  glassy  phases  on 
other  cold  parent  bodies  should  be  highly  susceptible  to  aqueous  alteration. 

The  quantitative  importance  of  the  f$f  parameter  in  predicting  alteration  susceptibility 
remains  to  be  experimentally  tested.  To  date,  observational  support  has  been  limited  mainly  to  studies 
of  terrestrial  weathering  effects  in  stony  meteorites  recovered  from  Antarctica.  The  high  susceptibility 
of  basalt  glass  to  Antarctic  weathering  seems  abundantly  clear  for  achondritic  meteorites,  as  is 
evidence  for  enhanced  vulnerability  of  plagioclase  [4],  Further  tests  could  focus  on  relative  rustiness  of 
metal  and  sulfide  particles  in  Antarctic  chondrites.  By  thermodynamic  impulse  alone,  taenite  should  be 
much  less  vulnerable  to  rusting  than  is  kamacite;  the  /S/  index,  however,  predicts  more  close  y 
comparable  vulnerabilities  to  rusting.  The  / 5/  index  also  predicts  greater  rustiness  for  kamacite  t an 
for  troilite  (meteoritic  FeS  analog  of  pyrrhotite). 

References:  [1]  Anderson  D.  M.  and  Morgenstern  N.  R.  (1973)  In  Permafrost:  The  North  American 

Contribution  to  the  Second  International  Conference,  National  Academy  of  Sciences,  Washington,  DC, 
p.  257-288.  [2]  Gooding  J.  L.  (1986)  Icarus,  66,  56-74.  [3]  Gooding  J.  L.  (1987)  Icarus,  67,  519-527. 
[4]  Gooding  J.  L.  (1986)  Geochim.  Cosmochim.  Acta,  50,  2215-2223. 
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survive  freezing  and  persist  as  a reactant.  (Kamacite  and  taenite  are  the  two  common  Fe-Ni  alloys  in  meteorites). 
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depth  to  unoxidized  material  in  the  martian  regolith 

C.F.  Chyba,  S.W.  Squyres,  and  C.  Sagan 

Laboratory  for  Planetary  Studies,  Cornell  University,  Ithaca,  NY  14853  USA 


The  V iking  landers  found  no  organic  molecules  on  Mars  to  the  detection  threshold 
(~1  ppm  for  simple  compounds,  -1  ppb  for  more  complex  organics)  of  the  gas  chro 
matograph  mass  spectrometer  (GCMS)  experiment  (l).  Yet  extrapolations  of  the  lunar 
meteoritic  flux  to  Mars  suggest  a quantity  of  organics  that  should  have  been  detectable 
by  the  Viking  GCMS  (1).  In  addition,  photochemical  reduction  of  carbon  monoxide  may 
provide  an  endogenous  source  of  martian  organics  (2).  3 

The  Viking  biology  experiments  strongly  suggest  the  presence  of  powerful  oxidants 
in  at  least  the  upper  -10  cm  of  the  martian  regolith  (3).  In  the  gas-exchange  (GEx) 
experiment,  martian  “soil”  released  70-790  nmoles  02  cm"3  in  the  presence  of  water 
vapor;  in  the  labelled-release  (LR)  experiment,  martian  soil  plus  organic  nutrients  released 
~30  nmoles  C02  cm  3.  Both  these  results  are  readily  explained  by  the  action  of  oxidants- 
for  example,  a possible  mechanism  for  the  LR  result  would  be  the  oxidation  of  formate  in 
the  nutrient  solution  by  hydrogen  peroxide  present  in  the  martian  soil:  H202+HC00H 
— * 2H20+C02  (3).  Moreover,  martian  atmospheric  modeling  predicts  the  production 
of  H202  and  other  oxidants  by  UV  photochemistry,  leading  to  a flux  F0  « 2 x 109  cm-2 
sec'1  of  equivalent  02  molecules  onto  the  martian  surface  (4).  Such  oxidants  would 
destroy  organic  molecules  rapidly  and,  if  organics  were  ever  present  at  GCMS-detectable 
levels  on  Mars,  are  the  likely  explanation  for  that  instrument’s  negative  results. 

It  has  been  argued  that  early  Mars  may  have  been  more  “earthlike”  than  at  present 
(5).  Such  conditions  could  possibly  have  persisted  until  3.5  Gyr  ago  (6)-  the  current 
highly-oxidizing  environment  would  then  have  set  in  since  this  time.  To  examine  the 
original  oxidation  state  of  martian  materials,  as  well  as  to  investigate  the  nature  of  possibh 
early  martian  organics,  it  will  be  necessary  to  drill  or  excavate  below  the  current  surface 
oxidizing  layer.  Key  issues  for  future  exploration  of  Mars  therefore  include  the  depth  tc 
which  this  oxidizing  layer  extends,  and  where  a mission  should  go  for  the  best  chance  o 
sampling  beneath  it.  To  this  end,  we  have  modeled  oxidant  diffusion  into  the  martial 
regolith,  following  the  diffusion  formalism  of  Fanale  et  aJ.  (7).  We  take  the  regolitl 
temperature  T=216  K to  be  constant,  and  set  background  C02  pressure  P=6  mbar  W< 
take  an  average  pore  size  in  the  regolith  r0=l/xm  0.  Core  samples  (8),  penetration  studie: 
(9),  and  seismic  data  (10)  all  give  a value  ~40%  for  the  porosity  of  the  lunar  regolith 
Lunar  seismic  data  (10),  as  well  as  the  porosities  of  nonindurated  terrestrial  material; 
(11),  are  consistent  with  this  value  to  a depth  of  hundreds  of  meters.  We  therefore  set  th< 
porosity  of  the  martian  regolith  / -0.4.  Finally,  empirical  values  for  tortuosities  in  bull 
diffusion  typically  range  from  2 to  6 (12);  a value  ?=5  is  often  used  for  the  martian  regolitl 
(13,7).  This  definition  of  tortuosity  assumes  a bulk  diffusion  coefficient  De//  related  tc 
the  diffusion  coefficient  for  a cylinder  D by  the  relation  De//=(//9)D;  the  formalisn 
employed  here  (7)  instead  puts  De//=(//3r)D,  so  that  we  set  tortuosity  r=qf  3=5/3. 

With  these  choices  of  parameters,  we  find  that  transport  of  oxidants  into  the  martiai 
regolith  is  dominated  by  Knudsen,  rather  than  molecular,  diffusion.  In  the  absence  o 
sinks,  this  diffusion  is  remarkably  fast:  oxidants  produced  at  the  martian  surface  woul 
diffuse  to  a depth  -100  m in  -100  yr,  and  to  -1  km  in  -104  yr.  Therefore  a considerate 
of  potential  oxidant  sinks  is  critical.  The  most  obvious  “sink”  for  an  oxidant  produced  a 
the  martian  surface  is  simple  thermal  decomposition.  The  thermal  decomposition  lifetim 
Ttk  and  activation  energy  A E of  the  active  agent  in  the  Viking  LR  experiment  may  b 
very  crudely  calculated  on  the  basis  of  that  experiment’s  thermal  sensitivity  (14)-  on 
finds  r£/l  « 105  - 107  yr,_and  A E * 35-43  kcal  mole'1,  which  may  be  compared  to  A J 
for  H202  of  48  kcal  mole  \ Given  the  high  diffusion  rates  previously  found,  a 10s  - 10 
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yr  lifetime  provides  no  useful  constraint  for  oxidant  diffusion. 

The  most  important  sink  for  diffusing  oxidants  is  the  potential  mineralogical  sink 
of  the  martian  regolith.  In  chondritic  meteorites,  only  the  element  iron  is  typically  not 
already  in  its  highest  oxidation  state  (15).  Elemental  analysis  of  martian  fines  (16)  indi- 
cates that  the  regolith  is  — 13%  Fe  by  weight.  Thus  an  upper  limit  to  the  mineralogical 
sink  of  the  regolith  is  given  by  assuming  all  Fe  present  was  initially  available  as  FeO  to  be 
oxidized  to  Fe2C>3.  One  then  finds  a potential  Fe  sink  [Fe]«  1021  equivalent  O2  molecules 
cm~3.  With  this  sink,  the  oxidant  flux  F0  cited  above  would  oxidize  — 100  m of  regolth 
in  —100  Myr.  This  is  a lower  limit  to  the  depth  of  oxidation,  as  much  of  the  Fe  may 
be  sequestered  and  unavailable  to  the  diffusing  oxidants.  Other  possible  regolith  sinks 
prove  to  be  unimportant  compared  to  the  potential  iron  sink.  Possible  initial  concentra- 
tions of  organics,  whether  calculated  via  lunar  extrapolation  or  in  situ  production  in  a 
hypothesized  earth-analogous  atmosphere,  are  < 10“2  [Fe],  Similarly,  the  Viking  GEx 
experiment,  interpreted  as  providing  a measure  of  oxidants  adsorbed  in  the  regolith,  yields 
— 1017  O2  cm“3,  <C  [Fe]. 

However,  freezing  of  the  diffusing  oxidants  may  significantly  curtail  their  penetra- 
tion into  the  regolith.  Quantifying  the  importance  of  this  effect  requires  a vapor  pres- 
sure/temperature relation,  so  that  a definite  choice  of  candidate  oxidant  must  be  made. 
Taking  H2O2  as  a prototype,  and  given  the  above  values  for  D efj  and  F0,  we  find  that 
H2O2  will  reach  its  equilibrium  vapor  density  over  H2O2  ice  in  the  upper  —10  cm  of  the 
regolith,  where  it  will  begin  to  freeze  out.  Below  this  depth,  diffusion  is  subject  to  the 
upper  boundary  condition  that  H2O2  number  density  at  the  top  of  the  regolith  equals  its 
vapor  density  n0.  It  is  then  not  difficult  to  show  that  the  depth  to  the  unoxidized  layer 
in  the  regolith  after  diffusion  for  time  t is  given  by  /(f)  « y/[2fn0Dt/[Fe\),  so  that,  in  the 
—3.5  Gyr  since  the  onset  of  the  current  oxidizing  regime  on  Mars,  the  regolith  has  been 
oxidized  to  a depth  —70  m.  Freezing-out  of  the  oxidant  in  the  upper  regolith  may  be  the 
dominant  process  retarding  its  downward  diffusion. 

Thus  the  martian  regolith  is  probably  oxidized  to  depths  —10-100  m.  It  is  unlikely 
that  planned  Mars  landers  will  be  able  to  drill  well  below  —1  m.  However,  subsurface  ice 
models  indicate  that  H2O  ice  on  Mars  is  stable  to  within  —1  m of  the  surface  poleward 
of  —60°  over  3.5  Gyr  (7),  and  ice  in  a martian  permafrost  may  seal  regolith  pores  and 
prevent  oxidant  diffusion.  The  situation  is  complicated,  however,  by  cratering.  3.5  Gyr- 
old  lunar  maria  are  saturation  cratered  to  —5  m depth  ( 17) , and  martian  impactor  fluxes 
are  believed  to  be  similar  (18).  Therefore,  small-scale  cratering  has  probably  destroyed 
ice  to  a depth  —5  m at  least  once  in  the  past  3.5  Gyr.  To  sample  unoxidized  martian 
material,  future  Mars  landers  should  investigate  high  southern  latitudes  (where  the  terrain 
is  ancient,  and  where  there  is  stable  shallow  ground  ice)  and  find  a site  where  aeolian 
scouring  or  other  processes  appear  to  have  eroded  >5  m over  the  past  3.5  Gyr. 
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CHAPTER  6 


SPECTROSCOPY  AND  REMOTE  SENSING 
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GEOLOGY  REMOTE  SENSING  FIELD  EXPERIMENT  (GRSFE) 

Raymond  E.  Arvidson  and  Edward  A.  Guinness.  McDonnell  Center  for  the  Space 
Sciences.  Department  of  Earth  and  Planetary  Sciences.  Washington  University.  St. 
Louis.  Missouri  63130 


GRSFE  is  a combined  effort  of  NASA's  Planetary  Geology  and  Geophysics 
Program  (Code  EL)  and  the  Geology  Program  (Code  EE).  The  experiment,  which  will 
take  place  late  in  the  summer  of  1989.  will  consist  of  airborne  observations  by  the 
Airborne  Visible  and  Infrared  Imaging  Spectrometer  (AVIRIS). . Theimal  Intiared 
Multi  spectral  Scanner  (TIMS),  and  C.  L.  P band  multipolarization  radar  imaging 
svstem.  The  impetus  for  conducting  the  experiment  came  from  recommendations  made 
at  a Planetary  Geology  and  Geophysics  Strategic  Planning  Workshop  held  in  Tempe. 
Arizona.  Field  measurements  will  be  acquired  at  the  same  time  to  be  able  to 
independently  calibrate  the  airborne  data  and  to  better  understand  the  extent  to  which 
surface  properties  can  be  extracted  from  the  airborne  data.  GRSFE  is  being 
implemented  using  a Working  Group  with  membership  consisting  of  Piincipal 
Investigators  from  both  Code  EL  and  EE  Programs.  The  targets  to  be  coveted  by 
GRSFE  were  selected  on  the  basis  of  relevance  to  planetary  surfaces  and  to  NASA 
Geology  Program  objectives,  which  are  focused  on  paleoclimatic  indicators.  Targets 
are  located  in  the  Mojave  Desert  and  include  the  Cima  and  Amboy  lava  flows,  alluvial 
fans  in  Death  Valley,  salt-encrusted  playas  (Devil's  Golf  Course.  Soda  Lake),  the 
Ubehebe  Maar.  and  dune  fields  (Kelso.  Dumont.  Death  Valley  dunes).  A primary 
objective  of  GRSFE  is  to  make  the  airborne  and  field  data,  together  with 
documentation,  available  to  the  science  community  for  use  in  developing  and  testing 
models  for  reduction  and  analyses  of  Magellan.  Mars  Observei.  Lunai  Geoscience 
Orbiter.  and  Earth-based  data.  Thus.  GRSFE  data  will  be  published  under  the  auspices 
of  the  Planetary  Data  System  as  a set  of  about  10  compact  disks  during  calendar  year 
1990. 
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BRIGHTNESS 


PHOTOMETRY  AND  SURFACE  PROPERTIES  OF  THE  GALILEAN  SATELLITES 
Bonnie  J.  Buratti,  JPL/Caltech 

Photometrically  accurate  observations  of  planetary  surfaces 
can  be  fit  to  scattering  models  to  derive  the  physical  properties 
of  the  surface,  such  as  the  single  scattering  albedo,  the 
compaction  state  of  the  optically  active  portion  of  the  regolith, 
and  macroscopic  roughness  (Hapke,  1986).  A recent  analyis  of 
ultraviolet  observations  of  the  Galilean  satellites  obtained  by 
the  IUE  satellite  show  that  they  have  important  differences  in 
their  surface  compaction  states  (Buratti  et  al.,  1988a).  Io  and 
Callisto  are  extremely  fluffy,  while  Ganymede  and,  especially, 
Europa  have  much  more  compacted  regoliths.  We  have  also  made 
successful  comparisons  of  our  data  with  laboratory  measurements 
of  the  phase  curves  of  surface  analogues  with  the  same  compaction 
states  as  those  derived  from  modeling  (Buratti  et  al,  1988b). 

In  an  effort  to  extend  our  modeling  of  these  satellites’ 
surfaces,  we  have  compiled  a data  set  of  all  photometric  measure- 
ments of  Ganymede  and  Callisto.  Because  the  spacecraft  and 
telescopic  observations  cover  complementary  ranges  in  solar  phase 
angle,  we  have  derived  a data  set  which  is  ideally  suited  to  our 
analysis.  Examples  of  the  data  are  shown  in  the  Figure. 
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Figure.  Examples  of  solar  phase  curves  constructed  from 
compilations  of  ground  based  and  Voyager  imaging  observations 
(Squyres  and  Veverka,  1981,  and  our  own).  The  data  are 
normalized  to  unity  at  zero  degrees. 
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ALBEDO  AND  COLOR  MAPS  OF  MIMAS , ENCELADUS , TETHYS , RHEA  AND  DIONE 
B.  J.  Buratti,  J.  A.  Mosher,  T.V.  Johnson  ( JPL/Caltech) 

We  have  constructed  maps  of  normal  reflectance  and  color 
ratios  of  the  five  large  inner  Saturnian  satellites  from  Voyager 
1 and  2 multifilter  images.  Although  all  these  satellites  are 
high  albedo  objects,  their  albedo  and  color  patterns  differ 
signif igantly  in  magnitude  and  distribution  (Buratti  et  al., 
1989).  Mimas  (~0.8  normal  reflectance)  and  Enceladus  (-1.0 
normal  reflectance)  are  the  most  spectrophotometrically  uniform 
and  have  slightly  brighter  (0.1  magnitude)  leading  sides 
(Buratti,  1988).  Enceladus  has  a signif igantly  brighter  (15%), 
and  possibly  bluer  southern  polar  region,  which  was  not  well- 
imaged  by  either  Voyager  cameras.  The  other  three  satellites  are 
10-20%  brighter  on  the  leading  side.  Tethys  also  appears  to  have 
a brighter  southern  polar  region  (see  Figure),  We  confirm  the 
finding  by  Verbiscer  and  Veverka  (1989)  of  an  albedo  dichotomy 
for  Rhea.  A color  ratio  map  of  violet  and  orange  images  for  Rhea 
shows  no  such  anomaly;  the  trailing  side  is  at  most  a few  percent 
redder.  We  find  a similar  albedo  dichotomy  - and  the  lack  of  a 
significant  hemispheric  color  difference  - for  Dione. 

These  satellites  differ  from  those  of  Jupiter  and  Uranus  in 
that  their  albedo  and  color  markings  bear  little  relationship  to 
geologic  units.  The  only  examples  we  have  found  of  such  a 
correlation  are  the  high  albedo  wispy  streaks  on  the  trailing 
sides  of  Rhea  and  Dione.  More  extensive  comparisons  of  our  maps 
with  detailed  geologic  maps  (J.  Plescia,  personal  communication) 
are  in  progress. 

We  find  that  for  specific  areas  on  a satellite,  there  is  no 
general  correlation  between  color  and  albedo:  some  dark  regions 
may  be  redder  than  the  brighter  ambient  terrain  while  others  may 
be  bluer  (see  the  Figure  for  an  example).  The  only  regions  that 
exhibited  the  "expected"  correlation  between  color  and  albedo 
(i.e. , brighter  areas  are  bluer  areas)  are  the  wispy  streaks  and 
possibly  the  bright  southern  polar  region  of  Enceladus. 

Our  conclusion  is  that  a complex  interplay  of  exogenic 
processes  is  responsible  for  the  optical  properties  of  these 
satellites.  Furthermore,  the  most  commonly  evoked  mechanisms  - 
magnetospheric  interactions  and  micrometeor itic  bombardment  - 
cannot  be  solely,  or  even  primarily,  responsible.  For  both  these 
mechanisms,  the  spectrophotometric  properties  of  the  underlying 
geologic  structures  are  left  intact  and  visible  in  imaging 
observations.  For  example,  the  trailing  side  of  Europa,  in  which 
exogenically  created  color  variations  are  caused  by  sputtering 
and  implantation  of  sulfur  ions,  keeps  the  spectrophotometric 
properties  of  the  preexisting  geology  (Buratti  and  Golombek, 
1988)  . 
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which  tend  to  scatter  light  very  strongly  in  the  forward  direction  [ ]. 

Our  data  on  terrestrial  snow/frost  are  derived  from  the  work  of ' ^dleton  and  MungaU 

mmmsMm 

entirely  in  terms  of  the  dark  non-icy  component  of  the  regoliths. 

For  a bimodal  distribution  of  regolith  particles,  the  single  scattering  albedo  is  given  by 


_ glQs1N1  * g2Qs2N2 
K)av9  = <7,  Qc1N,  + a2Qe2N2 


(1) 


where  a = geometric  cross  section  of  a particle;  Qe  = particle  extinction  eff lciency;  = particle 

to^he^wo  end-meters1  the  average  ^function  (Henyey- 

Greenstein)  asymmetry  parameter  is: 


glQsiNl gj_»  g2Qs2N282  (2) 

^QS1N1  + a2Qs2N2 


Eqs  (1)  and  (2)  can  be  combined  and  the  dependence  on  a,  Qe,  Qs,  and  N eliminated  to  derive 
L expression  for  the  asymmetry  parameter  / of  the  mixture  as  a functton  of  * and  ».  of  the 
end  members  and  of  («0)  , the  single  scattering  albedo  of  the  mixture. 


g = 


*o1  gi((CJo)avg  ~ ^02^  + ^02  g2^°l  ^o^avg^ 
(“oW^ol  " "02) 


(3) 


[11]  for  asteroid  1 Ceres. 
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1 dem°nstrates  that  mixtures  of  terrestrial  snow  and  Ceres-type  material  do  not  fit 
observed  photometric  parameters  for  Titania,  Rhea,  Enceladus,  Mimas  and  Eurooa  whi  e a 
Thl^nrrt f tackscattering  snow  and  Ceres-type  material  fits  the  observed  parameters  very  well 
The  sohd  line  in  Fig.  1 also  shows  that  normal  frost  can  be  made  backscattering  onW  if  enough 
carbonaceous  materia,  is  added  to  lower  the  S0  value  to  0.2  or  less.  Since  l"fcy  satellites  ?lf 

behavior  nf  Ih  ,T?  Va,UCS  °f  5"  their  back^attering  g’s  cannot  be  explained  by  the 

behavior  of  the  dark,  opaque  component:  rather,  the  frost  component  itself  must  be  backscatter- 

w;^h*CfUSe °f  the  back®cattering  remains  uncertain.  Johnson  et al.  [12]  have  proposed  that 
pitting  due  to  exposure  to  charged  particles  may  be  responsible.  As  an  alternative  we  suggest 
‘hhV™'Cy  satelllt«s  frost  grains  are  aggregated  into  particles  of  complex  texture  to  producMhe 
t rei"arkabl.e  behavior.  The  extremely  low  temperatures  prevalent  in  the  ouSer  solar 
system  may  be  significant  in  preserving  such  highly  textured  aggregates. 

This  research  was  supported  by  NASA  Grants  NSG  7156  and  7606. 
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TABLE  1 


Photometric  Parameters 

for  Model  End  Members  and  Icy  Satellites 

Single  Scattering 
Albedo  wQ 

Asymmetry 
Parameter  g 

A.  Ceres-type  material 

B.  Terrestrial  snow 

C.  Backscattering  snow 

Europa 

Mimas 

Enceladus 

Rhea 

Titania 

0.06 

0.999 

0.999 

0.97  ± 0.01 
0.93  ± 0.03 
0.99  ± 0.02 
0.89  ± 0.01 
0.48  ± 0.02 

-0.4 

+0.52 

-0.3 

-0.15  ± 0.04 
-0.30  ± 0.05 
-0.35  ± 0.03 
-0.30  ± 0.01 
-0.28  ± 0.01 
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The  absorption  coefficient  of  liquid  and  frozen  CH  from  0.5  to  1 0 microns 
Uwe  Fink  and  William  Grundy  4 

Lunar  and  Planetary  Laboratory,  University  of  Arizona  Tucson,  AZ  85721 


We  have  measured  the  absorption  coefficient  of  liquid  methane  from  0 5 to 
10  microns.  For  this  purpose  we  have  built  a dewar  which  contains  a 1 cm 
thick  absorption  cell.  The  dewar  was  cooled  with  liquid  nitrogen  causing 
lrquid  CHa  to  condense  in  the  cell.  Further  cooling  of  the  dewar  (by  pumping 
on  e nitrogen)  resulted  in  solid  methane  which  unfortunately  was  not  perfec- 
y c ear  but  contained  some  bubbles.  The  resulting  spectrum  was  quite  close 
to  that  of  the  liquid  but  exhibited  several  sharper  features.  We  plan  to 
continue  this  work  and  obtain  improved  solid  spectra  which  will  be  used  to 
interpret  the  reflection  spectrum  of  Pluto. 
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ANALYSIS  OF  PLANETARY  PHOTOMETRY  WITH  HAPKE’S  MODEL:  A WORKING 

ANALYTICAL  STRATEGY.  Paul  Helfenstein  and  J.  Veverka,  Center  for  Radiophysics  and 
Space  Research,  Cornell  University,  Ithaca,  NY  14853-6801. 

INTRODUCTION:  The  photometric  parameters  of  Hapke’s  bidirectional  reflectance  equation 
[1,2,3]  are  used  with  increasing  frequency  to  interpret  physical  properties  of  planetary  surfaces 
on  the  basis  of  their  photometric  behaviors.  These  parameters  are:  w0,  the  average  particle 
single-scattering  albedo,  h,  which  relates  the  angular  width  of  the  opposition  surge  to  the  state 
of  regolith  compaction  and  particle-size  distribution,  Bp,  the  amplitude  of  the  opposition  surge, 
g,  the  asymmetry  factor  of  the  particle  phase  function,  and  (T,  the  average  slope  angle  of 
subresolution-scale  macroscopic  surface  roughness.  Values  of  Hapke’s  parameters  for  a given 
planetary  surface  are  generally  derived  either  from  observations  of  disk- integrated  phase  curves, 
or  from  disk-resolved  observations  of  surface  brightness  as  a function  of  incidence  angle  (i), 
emission  angle  (e),  and  phase  angle  (a). 

Critical  concerns  among  users  of  Hapke’s  model  involve  the  extent  to  which  unique 
estimates  of  Hapke  parameters  can  be  derived  from  any  given  data  set  [4,5,6, 7],  We  have 
developed  analytical  methods  and  computer  software  which  optimally  fit  Hapke  parameters  to 
disk-integrated  phase  curve  observations  and  disk-resolved  data.  Our  approach  can  be  used  on 
a case-by-case  basis  to  demonstrate  when  unique  solutions  of  Hapke  parameters  can  and  cannot 
be  found.  In  the  present  study,  we  use  Voyager  photometry  for  Umbriel  as  a vehicle  for 
demonstration. 

DATA  SAMPLING  STRATEGIES:  Disk-integrated  phase  curves,  derived  from  Earthbased 
observations  and/or  spacecraft  data,  can  be  used  to  characterize  only  average  global  properties 
of  planetary  surfaces.  In  our  approach,  we  require  that  the  diameter  of  the  object  be  known  so 
that  geometric  albedo  (p)  can  be  estimated  and  that  the  phase  curve,  on  a stellar  magnitude  scale, 
be  normalized  so  that  the  magnitude  at  a = 0°  is  -2.5  log  (p). 

Disk-resolved  observations,  derived  largely  from  radiometrically  calibrated  spacecraft 
images,  can  be  used  to  characterize  surface  properties  of  individual  terrains  in  addition  to 
average  global  properties.  Spacecraft  flyby  missions  often  yield  disk-resolved  observations  at 
radically  different  spatial  resolutions  for  different  phase  angles.  In  order  to  insure  that  our 
sampled  brightness  measurements  are  obtained  at  similar  resolutions  at  all  phase  angles  and  that 
fits  of  Hapke  parameters  are  not  too  strongly  dominated  by  a disproportionately  large  number 
of  high-resolution  data  points,  we  collect  average  disk-resolved  brightnesses  binned  in  uniform 
increments  of  photometric  latitude  and  longitude  (usually  5 x 5 ) at  each  phase  angle. 

In  order  to  sample  brightnesses  of  individual  geological  features  from  a given  series  of 
spacecraft  images,  we  first  produce  a digital  geological  unit  map  in  standard  cartographic 
coordinates  (i.e.,  polar  stereographic  coordinates  for  Umbriel).  These  maps  are  then  projected 
into  the  viewing  perspectives  of  actual  spacecraft  images  and  registered  with  them.  The 
projected  maps  then  can  be  used  as  digital  index  templates  which  allow  the  extraction  of 
photometric  data  for  individual  surface-resolved  features. 

METHODS  OF  OBTAINING  OPTIMAL  PARAMETER  FITS:  Our  method  of  obtaining  average 
global  Hapke  parameters  from  disk-integrated  phase  curves  alone  is  described  in  detail  elsewhere 
[7].  Briefly,  we  perform  a grid-search  of  parameter  space  [8]  for  Hapke’s  if  parameter,  and  find 
the  best  non-linear  least-squares  fit  combination  of  the  remaining  parameters  for  each  assumed  f 
by  using  a gradient-search  algorithm  [9].  A scan  of  rms  residuals  as  a function  of  f (Fig.  la)  is 
often  adequate  to  locate  a unique  solution,  or  at  least  the  most  physically  reasonable  of  several 
possible  solutions. 

Average  global  Hapke  parameters  are  actually  found  best  by  fitting  simultaneously  to 
disk-integrated  and  disk-resolved  observations  [10].  Our  approach  is  to  use  the  family  of 
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plausible  fits  (as  a function  of  6)  obtained  from  disk-integrated  phase  curves  (Fig.  la)  to  identify 
how  the  parameters  are  coupled  (Fig.  lb).  We  then  perform  a grid-search  over  F space  for  the 
disk-resolved  observations  in  which  the  remaining  parameters  are  computed  from  the  observed 
parameter  coupling  to  F.  Again,  the  optimal  solution  is  found  in  the  least-squares  sense  from 
the  minimum  of  the  residual  vs.  F curve  (Fig.  la). 

Our  primary  method  for  finding  Hapke  parameters  for  individual  geological  features  is 
similar  to  that  for  fitting  to  disk- integrated  phase  curves  alone.  A grid-search  over  F space  is 
performed,  and  for  each  assumed  F,  the  corresponding  best  combination  of  the  remaining 
parameters  are  found  by  gradient-search  methods.  Table  I lists  values  of  Hapke  parameters 
obtained  for  Umbriel  by  using  the  methods  above. 

DISCUSSION:  Average  global  Hapke  parameters  are  best  obtained  from  simultaneous  fits  to 
disk-integrated  and  disk-resolved  observations  (1)  because  certain  of  Hapke’s  parameters  like  F 
are  better  constrained  by  limb-to-terminator  brightness  variations  than  by  changes  in  brightness 
with  phase  angle,  and  (2)  greater  phase  angle  coverage  sometimes  provided  by  disk- integrated 
phase  curves  help  to  constrain  the  most  strongly  phase-angle  dependent  parameters  (g,  h,  and 
B0).  Nevertheless,  it  is  often  useful  to  compare  average  global  results  obtained  from  separate 
fits  to  disk-integrated  phase  curves  and  disk-resolved  data,  respectively.  Excellent  agreement 
between  such  independently  derived  parameters  has  been  obtained  in  studies  of  photometry  of 
the  Moon  [11],  Mercury  [6,12],  Rhea  [13],  and  Titania  [14],  for  example.  On  the  other  hand 
sometimes  considerable  improvements  are  realized  by  fitting  simultaneously  to  disk-integrated 
and  disk-resolved  data.  In  our  Umbriel  example,  the  best-fit  values  from  disk-integrated 
analysis  alone  (w0  = 0.31,  F = 18°,  g = -0.32)  are  slightly  different  from  those  obtained  when 
disk-resolved  observations  are  included  (wG  = 0.37,  F=  26°,  g = -0.24). 
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TABLE  I:  Hapke  Parameters  for  Umbriel  from  Voyager  Clear-filter  Photometry 


-O 

g 

F 

Global  Average 

0.372  ± 0.001 

-0.235  ± 0.003 

26  ± 1 

Dark  Cratered  Terrain 

0.361  ± 0.002 

-0.246  ± 0.003 

25  ± 1 

Bright  Craters 

0.406  ± 0.024 

-0.225  ± 0.028 

30  ± 7 

Annulus 

0.85  ± 0.01 

0.51  ± 0.24 

9 ± 2 
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FIGURE  1(a):  Least-squares  residuals  as  a function  of  $ for  fits  of  w0,  g,  and  5 to  UmbrieFs 
disk-integrated  phase  curve  (dashed  line)  and  its  phase  curve  plus  disk-resolved  photometric 
behavior  (solid  line).  The  two  minima  in  the  dashed  line  represent  two  possible  solutions,  of 
which  only  that  for  f - 18°,  w0  - 0.31,  g = -0.32  is  physically  meaningful.  By  further 
constraining  the  solution  with  disk-resolved  observations,  an  improved  solution  is  found  {6  * 
26°,  u - 0.37,  g - -0.24).  Because  Umbriel’s  opposition  surge  was  not  well-observed  by 
Voyager,  we  assumed  parameters  for  a Titania-like  opposition  surge  (h  = 0.018,  B = 0.65). 

(b)  Coupling  of  u , g,  and  f for  all  points  along  the  dashed-line  in  (a).  As  9 is 
increased,  u0  and  g must  be  increased  systematically  to  optimally  fit  the  disk-integrated  phase 
curve. 
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MARS'  GLOBAL  COLOR  AND  ALBEDO;  A.  S.  McEwen,  L.  A.  Soderblom, 

J.  D.  Swann,  and  T.  L.  Becker,  U.  S.  Geological  Survey,  Flagstaff,  AZ  86001. 

Digital  mosaics  in  two  or  more  color  filters  have  been  produced  from 
Viking  images  for  a global  study  of  the  surface  materials  on  Mars.  We  have 
completed  four  large  mosaics  in  orthographic  projections,  each  composed  of 
more  than  100  red-  and  violet-filter  image  frames,  each  with  a scale  of  1 
km/pixel,  and  each  covering  a range  of  latitude  from  about  -60°  to  60°.  The 
data  were  acquired  during  early  to  middle  northern  summer  at  phase  angles  of 
35°  to  55°.  The  atmospheric  "haze"  (primarily  from  suspended  dust)  was  low 
during  this  period,  but  a variety  of  condensate  clouds  were  present.  The 
"Valles  Marineris  Hemisphere"  mosaic  covers  the  region  from  %30°  to  130° 
longitude,  including  Valles  Marineris,  Tharsis  Montes,  Lunae  Planum,  and 
Chryse  and  Acidalia  Planitiae.  The  "Cerberus  Hemisphere"  mosaic  covers  the 
region  from  ^140°  to  230°  longitude,  including  Elysium,  Arcadia,  and 
Amazonis  Planitiae  and  ancient  cratered  highlands.  The  "Schiaparelli 
Hemisphere"  mosaic  covers  the  region  from  -^280°  to  30°  longitude,  including 
Arabia  Terra,  Syrtis  Major  Planum,  Hellas  Planitia,  and  the  Oxia  Palus 
area.  The  "Syrtis  Major  Hemisphere"  mosaic  covers  the  region  from  ^260°  to 
350°  longitude,  including  Arabia  Terra,  Syrtis  Major  Planum,  and  Isidis  and 
Hellas  Planitiae. 

We  have  also  completed  mosaics  of  the  north  and  south  polar  residual 
ice  caps  at  a scale  of  0.5  km/pixel.  Together,  these  six  mosaics  cover 
about  75%  of  the  surface  of  Mars;  additional  mosaics  are  in  progress  to 
cover  the  remaining  surface.  The  Planetary  Image  Cartography  System  (PICS) 
has  been  used  for  all  image  processing.  The  latest  procedures  and  software 
for  radiometric  calibration  (E.  M.  Eliason  and  L.  A.  Soderblom,  unpublished 
data)  and  for  geometric  control  [1]  were  utilized.  Large-scale  filtering 
has  been  applied  to  the  mosaics  to  normalize  large-scale  brightness 
variations,  which  are  mostly  due  to  variations  in  solar  incidence  angle. 
Scattering  models  for  the  atmosphere  and  surface  of  Mars  are  in  progress. 
Following  normalization  of  atmospheric  and  surface  brightnesses,  we  will 
combine  the  individual  unfiltered  mosaics  into  a global  color  mosaic  in 
sinusoidal  equal-area  projection  for  compatibility  with  other  digital  image 
and  topographic  datasets  for  Mars  [2,3]. 

Parts  of  these  mosaics  have  been  geometrically  registered  to  parts  of 
the  1/64-degree  digital  elevation  model  [3]  and  to  high-resolution 
monoscopic  mosaics  to  produce  oblique  views  and  high-resolution  color  images 
and,  thus,  to  show  the  relations  among  color  units,  surface  morphology,  and 
topography. 

At  least  five  major  spectral  units  can  be  distinguished  in  the  color 
mosaics:  (1)  a bright-red  unit,  which  probably  includes  eolian  dust;  (2)  a 

dark-red  unit,  which  may  consist  of  duricrust;  (3)  a very  dark  red  unit, 
which  occurs  on  the  steep  flanks  of  the  Tharsis  volcanoes  and  in  portions  of 
the  southern  highlands;  (4)  a dark-gray  unit,  which  occurs  in  a variety  of 
geologic  settings;  and  (5)  a bright  white  unit,  consisting  of  C0o  and  HoO 
frost,  ice,  and  clouds.  Other  more  subtle  or  rare  spectral  units  are  also 
present,  for  example,  some  anomalous  bright  white  layers  in  Gangis  and  Capri 
Chasmata  [4]. 

The  dark-red  spectral  unit  dominates  the  surface  in  a broad  swath  from 
about  latitude  0°  to  30°  and  longitude  350°  east  to  70°.  Elsewhere  on  the 
planet,  this  unit  occurs  in  small  patches  or  appears  poorly  developed. 
Previous  workers  [5,6,7]  have  suggested  that  this  unit  may  consist  of  a 
duricrust,  but  the  global  distribution  has  not  been  explained. 
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The  dark-gray  materials  are  significant  because  their  reflectance 
spectra  suggest  that  they  are  relatively  unaltered;  they  occur  in  a great 
variety  of  geologic  settings,  including  dune  fields,  dark  crater  streaks, 
intercrater  volcanic  plains,  local  topographic  lows  such  as  crater  floors, 
and  1 arqe-scal e topographic  lows  and  regions  of  outflow  channel  deposition 
such  as  Acidalia  Planitia.  Furthermore,  the  dark-gray  materials  seem  to 
occur  in  place  at  various  locations  in  Valles  Marineris:  in  the  lower  walls 
of  the  eastern  canyons  as  a widespread  stratigraphic  layer,  in  recent 
volcanic  domes  and  flows  [8],  and  in  finely  stratified  (possibly  lacustrine) 
deposits.  Because  of  this  diversity  of  geologic  occurrence,  we  suspect  that 
the  dark-gray  spectral  unit  consists  of  several  different  materials  that  are 
spectrally  similar  in  the  broadband  color  filters  of  Viking.  It  is  possible 
that  a variety  of  spectral  signatures  will  be  detected  in  the  dark-gray 
areas  by  mapping  spectrometers  such  as  VIMS  (Visual -Infrared  Mapping 
Spectrometer)  or  TES  (Thermal  Emission  Spectrometer).  . (.ro 

Images  in  the  north  polar  mosaic  were  acquired  at  low  phase  angles  (46 
to  49°)  and  during  clear  atmospheric  conditions  (optical  depth  ^0.2),  thus 
providing  high-quality  data  on  the  surface  albedos  and  colors.  Surface 
materials  in  the  north  polar  region  have  a strongly  tnmodal  distribution  of 
spectral  properties,  consisting  of  a bright  red  unit  (dust),  a bright  white 
unit  (water  ice  mixed  with  dust),  and  a dark-gray  unit  (dune  materials  in 
the  polar  collar).  The  north  polar  residual  ice  cap  has  an  albedo  of  m).5, 
whereas  the  south  polar  residual  cap  has  an  albedo  closer  to  1.0,  consistent 
with  previous  suggestions  [9,10]  that  the  south  polar  residual  ice  may  be 
sufficiently  bright  and  cold  for  stability  of  CO2  frost. 
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fRT^OBSERviT?ONSND  PH0T0METRIC  STUDIES  OF  MARS:  VIKING 
Steven  W.  Lee  and  R.  Todd  Clancy 

Laboratory  for  Atmospheric  and  Space  Physics,  University  of  Colorado,  Boulder,  CO  80309 

Theff  w aburndran,t  e~jde!ice  tbat>  at  present,  aeolian  processes  are  active  over  much  of  the 
*iiSCe  °!iMarj  ^Cf'  V Previou?  studies  have  demonstrated  that  variations  in  regional 
albedo  and  wind  streak  patterns  are  indicative  of  sediment  transport  through  a region  [3-  41 
while  thermal  inertia  data  [derived  from  the  Viking  Infrared  Thermal  Mapper  (IRTM)  data  set] 
are  indicative  of  the  degree  of  surface  mantling  by  dust  deposits  [5;  6;  7;  8;  9],  The  visual  and 
thermal  data  are  therefore  diagnostic  of  whether  net  erosion  or  deposition  of  dust-storm  fallout 
is  taking  place  currently  and  whether  such  processes  have  been  active  in  a region  over  the  long 
Cw:  the  conseclirences  of  variations  in  regional  sedimentation  patterns  should  be 

nhnilm  ™fferen.ce?  t**t“rc  and  macroscopic  roughness  from  region  to  region; 

photometric  analysis  of  the  visual  brightness  of  a surface  viewed  under  a variety  of  emission 
and  phase  angles  may  allow  such  differences  to  be  quantitatively  investigated  [10;  11-  121.  In 
addition,  detenmnation  of  regional  photometric  properties  will  place  constraints  on  the 
interpretation  of  the  related  albedo  and  thermal  data  sets.  me 

Disk-resolved  (as  opposed  to  disk-integrated)  photometric  studies  of  planetary  surfaces 
from  spacecraft  are  not  common,  and  photometric  studies  of  Mars  using  spacecraft  data  are  rare 

\T  raS!0fi°  have  beenused  toinvestigate  porosity  and  macroscale  roughness 
of  the  surface  [cf.  13,  14],  these  studies  have  indicated  that  it  may  be  more  appropriate  to  study 

minl'n  • reglofn^  Terences  m photometric  properties,  rather  than  to  attempt  physically  rigorous 
^?de  lng  °.f  the  results-  Images  from  the  early  Mariner  missions  were  used  to  study  a few 
selected  regions  [i  5];  indications  were  that  significant  variations  in  surface  properties  were 

1 5 ae?rsi0niy  6 firS-/eW  months  of  VikinS  IR™  data  were  systematically 

ana,yzed  [5],  again,  significant  vanations  in  regional  properties,  as  well  as  the  effects  of 
atmospheric  aerosols,  were  detected. 

During  the  course  of  the  Viking  missions,  numerous  IRTM  observing  sequences  were 
designed  with  photometric  analyses  in  mind.  Several  hundred  emission-phase-function  (EPF) 
^une"c,es’  mJvhlcb  the  IR™  instrument  observed  the  same  area  on  the  surface  for  an 
extended  period  as  the  spacecraft  moved  overhead,  were  obtained.  Typical  sequences  consist 
of  several  thousand  to  several  tens  of  thousand  individual  measuremems  of  surface  brightness 

fhai  rendro?La  7*  TiS?  ° emissi£T  and  Phase  and  with  spatial  resolutions  of  better 
than  ten  to  a few  tens  of  kilometers.  These  observations  were  obtained  randomly  over  much  of 

the  pJanet  but  most  he  within  45°  of  the  equator.  The  IRTM  data  set,  as  awhofe.Tweh 
having  been  corrected  for  inter-spacecraft,  inter-detector,  and  temporal  calibration 
™2?s:  a conservative  estimate  for  the  absolute  uncertainty  inherent  in  this  data  set  is  1 -2% 
IturiK  Tm’.  dlfferences  ,in  regional  properties  inferred  from  photometric  studies  should  be 
pISrc  b 6 vanatlons  in  the  surface  “»d/br  atmospheric  characteristics  and  not  to  calibration 

We  are  investigating  the  relative  photometric  properties  of  several  regions  on  Mars  throueh 
ana  ysis  of  the  IRTM  EPF  observations.  Individual  sequences  are  sorted  into  0 5°  by  0 5° 

^iCnh  3t’  °n  i thtindjVldual  observations  falling  in  each  box  cover  a wide  range  of  emission 
and  phase  angles  but  a restricted  range  of  incidence  angles.  A first-order  correction  for 
u^ismission  loss  through  the  atmosphere,  direct  scattering  from  atmospheric  dust,  and  multiple 

tbe  surface  (Fig  l)  is  applied  to  determine  phase-corrected  albedos  for  the 
individual  observations  in  each  box.  Finally,  a nonlinear  least  squares  fit  of  a simple  Haoke 

fdnc?2n  5 ^ to  the  set  of  observations  in  each  box  is  determined.  In  this  fashion 
the  consistency  of  fits  for  numerous  small  areas  covered  by  an  entire  sequence  can  be  analyzed’ 
regional  differences  can  also  be  investigated  by  comparing  results  for  broader  areas 
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EPF  sequences  for  seven  regions  on  Mars  have  been  analyzed  to  date:  Acid  alia, 
Amazonis,  Arabia,  Cerberus,  Isidis/Syrtis  Major,  Olympus  Mons,  and  Syrtis  Major/Arabia. 
Examples  of  fits  for  a small  area  within  Arabia  is  shown  in  Fig.2;  a scatter  plot  of  the  tits  tor 
this  entire  EPF  sequence  is  shown  in  Fig.3.  From  our  analysis  to  date,  it  is  apparent  that  bright 
and  dark  regions  are  distinguishable  on  the  basis  of  particle  single  scattering  albedo.  However, 
we  feel  that  we  will  need  to  process  more  sequences  before  we  can  begin  to  interpret  the 
apparent  variations  in  compaction  parameter.  We  will  also  continue  to  conduct  tests  ot  the 
sensitivity  of  the  fits  to  the  angular  coverage  of  the  sequences  and  the  atmospheric  correction. 
The  results  of  these  analyses,  in  conjunction  with  mapping  of  regional  thermal  properties  and 
albedo  variations  (also  derived  from  IRTM  data),  will  be  used  to  infer  details  of  regional 
sediment  transport  and  consequent  properties  of  the  martian  surface.  This  study  may  also  allow 
quantitative  investigation  of  the  properties  of  martian  dust  and  aerosols. 

This  research  has  been  supported  by  NASA  grant  NAGW-1378. 
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Fjeure  j.  Diagram  of  the  atmospheric  correction  model  incorporate#  into  the  current  analysis  software.  The 
three  terms  included  are:  Term  1:  Transmission  loss:  (e'T'Fq  (e*  ^e)  where:  x = exuncuon  opacity;  Pi  - 
cos(i)‘  pe  = cos(e);  Tern  2:  Direct  scattered  light:  (4»e+i)  <l-e*%)  where:  a»p  = dust  smgle  scattpnng  albedo; 

<bc+i  = dust  phase  function  (backscatler);  Term  3:  Multiple  scattering  from  surface:  AcOo<f>(l-e  where.  A 
= auface  albedo;  4>  = dust  phase  function  (forward  scattering).  The  latest  estimates  of  Pro^^®s 

phase  funcUon  of  atmospheric  dust,  as  derived  by  Pollack  et  al.  (personal  commumcauon,  ^89).  h^e  “fed 
in  the  initial  modeling.  The  zonal  mean  opacity,  appropriate  for  the  locauon  and  Ls  of  each  IRTM  sequence 


analyzed  [17],  is  is  also  utilized. 
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Figure  2.  Fit  of  a photometric  function  to  the  visual  brightness  measurements  in  a 0.5°  x 0.5°  area  in  the 
bright  region  Arabia  (centered  at  10.25°  latitude,  331.75°  longitude).  The  crosses  indicate  the  IRTM  visual 
brightness  measurements,  and  the  dashed  curve  is  the  Hapke  (1981)  model  dependence  for  the  parameters  shown 
above  the  plot.  Phase  angles  for  the  data  (and  model)  vary  linearly  with  emission  angle;  incidence  angles  vary 
between  7.5°  and  10°.  The  estimated  atmospheric  opacity  is  0.15. 


Figure  3.  Scatter  plot  of  the  photometric  parameters  fit  to  a sequence  of  EPF  observations  of  the  bright  region 
Arabia.  Each  of  the  crosses  conrespond  to  the  fit  for  an  individual  0.5°  x 0.5°  area. 
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MULTISPECTRAL  STUDY  OF  VALLES  MARINERIS 
P.E.  Geissler,  R.  B.  Singer , B.  K.  Lucchitta 


Figure  1 illustrates  the  implications  of  the  atmospheric  correction  for  units 
representing  extremes  in  color  properties.  As  might  be  expected,  removal  of 
atmospheric  radiance  derived  in  part  from  light  reflected  first  from  the  surface  (and  thus 
approximating  the  scene  average  in  brightness  and  color)  has  resulted  in  an  increase  in 
contrast  and  color  saturation:  the  relatively  gray  materials  (low  R/V)  becoming  grayer 
and  the  red  regions  becoming  more  red. 

Preliminary  results  suggest  that  the  dark  materials  in  the  Valles  region  are 
darker  and  grayer  than  previously  reported,  consistent  with  a composition  of  fresh  mafic 
rock  or  glass.  The  darkest  materials  appear  to  have  been  recently  excavated  near  the 
west  margin  of  Juventae  Chasma.  This  unit  is  spectrally  similar  to  a dark  layer  in  the 
Coprates  Chasma  south  wall  which  occurs  at  a similar  elevation.  Continuing  study  will 
focus  on  whether  the  dark  materials  are  laterally  extensive  units  which  are  being  exposed 
by  erosion  at  specific  locations,  or  local  and  discontinuous  outcrops  consistent  with  the 
interpretation  of  volcanic  plugs  and  vents. 


.45  .5  .55  .6 
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Figure  1:  Solid  lines  represent  Viking  Orbiter  3-color  data  prior  to  atmospheric 

correction  for  bright  and  dark  extreme  units  observed  in  Valles  Marineris  region. 
Dashed  lines  represent  those  same  units  after  correction  by  a realistic  multiple- 
scattering atmospheric  model.  While  the  radiance  factor  for  both  units  has  decreased, 
the  contrast  between  them,  both  in  color  and  albedo,  has  increased. 
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VALLES  MARIN ERIS:  COMPOSITIONAL  CONSTRAINTS  FROM 
VIKING  MULTI  SPECTRAL  IMAGES 

P E.  Geissler,  R.B.  Singer  ( LPL , Univ.  Arizona),  B.K.  Lucchitta  (USGS,  Flagstaff) 

The  Valles  Marineris  offers  a unique  view  of  the  interior  of  the  martian  crust  to 
depths  reaching  7 km.  Using  calibrated  Viking  color  images  along  with  earthbased 
telescopic  observations  and  laboratory  spectra,  we  are  investigating  the  nature  of  the 
materials  exposed  on  canyon  floors  and  in  layering  observed  in  interior  sedimentary 
deposits  and  in  the  canyon  walls.  The  darkest  materials  are  of  particular  interest,  since 
they  may  represent  recent  excavation  of  spatially  extensive  geological  horizons,  and  may 
include  isolated  outcrops  of  mafic  extrusives,  indicating  relatively  recent  volcanism  in 
Valles  Marineris  (Lucchitta,  Science  237. 535, 1987). 

Multispectral  images  obtained  by  the  Viking  orbiters  are  particularly  valuable 
for  defining  compositional  units  within  the  canyon  system  and  for  constraining  surface 
composition  by  comparison  with  terrestrial  candidate  materials  measured  in  the 
laboratory.  The  data  set  under  study  includes  15  color  composites  of  the  central  and 
eastern  regions  (0  to  20  degrees  S.,  45  to  85  degrees  W.)  taken  at  intermediate  resolution 
(600-800  m/pixel)  during  clear  conditions  at  mid  morning  in  northern  hemisphere  Spring 
(Ls  = 35  to  90  degrees).  The  images  span  a range  of  phase  angles  from  20  to  110 
degrees. 


Because  of  the  overlap  of  images  recorded  under  various  viewing  conditions  it 
is  possible  to  separate  the  effects  of  single  scattering  albedo,  particle  scattering  phase 
functions,  and  surface  roughness  which  influence  the  radiance  reflected  from  the  planet 
surface.  However,  in  order  to  obtain  such  geologic  information  it  is  necessary  to  first 
account  for  the  influence  of  atmospheric  aerosols  in  the  measured  signal.  An 
atmospheric  correction  is  required  both  for  the  absolute  radiometry  needed  for 
comparison  to  lab  standards,  and  for  reducing  images  taken  on  different  orbits  and 
under  different  atmospheric  conditions  to  a common  basis. 

In  order  to  examine  the  effects  of  scattering  by  atmospheric  aerosols  we  have 
employed  the  correlation  between  the  brightness  of  shadows  and  the  brightness  of 
adjacent,  directly  illuminated  regions  to  derive  the  airlight  contribution  to  the  scene 
radiance.  The  analysis  shows  that  a large  fraction  of  the  scene  brightness  can  be 
attributed  to  upwelling  atmospheric  radiance.  The  airlight  is  significant  in  the  case  of  the 
dark  materials  in  particular,  because  of  their  localized  occurrence  in  a scene  dominated 
by  brighter  materials. 

A second  quantity  which  can  be  obtained  from  the  shadow  brightness  regression 
is  the  ratio  of  direct  to  diffuse  illumination  irradiance  at  the  surface  of  Mars.  Using  a 
multiple  scattering  code  made  available  by  M.  Tomasko  (LPL)  together  with  aerosol 
optical  properties  from  Pollack  et  al.  ( J.  Geophvs.  Res.  84.  2929),  this  quantity  allows  an 
estimate  to  be  made  of  the  atmosphere’s  optical  depth  which  permits  a multiplicative 
correction  to  be  obtained  for  the  attenuation  due  to  atmospheric  extinction.  For  our 
particular  scenes,  the  diffuse  illumination  irradiance  integrated  over  solid  angle  exceeds 
the  total  irradiance  of  the  direct  sunlight  by  a factor  of  three,  resulting  in  an  optical 
depth  estimate  of  0.6.  The  magnitude  of  the  diffuse  illumination  is  such  that  calculations 
of  the  directional  reflectance  distribution  function  for  Mars  should  include  consideration 
of  this  omnidirectional  illumination. 
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ISOI  ATION  OF  COMPOSITIONAL  VARIANCE  FROM  VIKING  LANDER 

MIJLTISPECTRAL  IMAGES  . 

Milton  O.  Smith  and  John  B.  Adams,  Department  of  Geological  Sciences, 
University  of  Washington,  Seattle,  WA  98185 

Our  objective  is  to  compare  Viking  Lander  and  Viking  Orbiter  multispectral 
images  with  telescopic  spectra  and  with  laboratory  reference  spectra,  and  to 
understand  the  spectral  variations  in  terms  of  surface  composition  and  texture. 
Lander  images  show  strong  contrasts  owing  to  shadows  and  shading.  It  is  difficult 
to  specify  spectrally  similar  materials  within  a scene  because  of  the  variations  in 
lighting  geometry;  this  difficulty  is  compounded  when  comparing  scenes  taken  by 
different  cameras  and  by  the  two  Landers  over  periods  of  several  years  because 
of  uncertainties  in  instrument  calibration  and  in  atmospheric  effects. 

We  have  now  analyzed  three  scenes  from  each  of  the  Lander  sites  using  a 
spectral  mixing  model  (1),  and  have  isolated  the  portion  of  the  spectral  variation 
due  to  composition,  as  opposed  to  effects  arising  from  instrumental  differences 
between  cameras,  temporal  drift  in  camera  electronics,  instrumental  noise, 
shade/shadow,  spectral  phase  effects,  atmosphere  and  illumination  geometry. 
We  examined  one  scene  from  each  Lander  site  that  was  repeated  two  years  later 
under  identical  lighting  conditions,  to  test  for  temporal  changes.  Only  areas  of  the 
surface  of  Mars  were  analyzed.  Regions  of  sky  and  Lander  apparatus  were 

At  both  Lander  sites  and  at  all  time  periods  the  multispectral  data  fit  a linear 
mixture  model  consisting  of  the  same  three  spectral  endmembers,  soil,  rock  and 
shade  (1)  in  varying  proportions.  This  analysis  considers  the  fractions  of  each 
endmember  in  each  pixel,  the  fit  of  the  model  to  the  data,  and  also  yields  the 
gains  and  offsets  for  each  bandpass  of  each  image  (Fig.  1).  The  gams  and  offsets 
are  the  respective  multiplicative  and  additive  factors  that  convert  image  DN's  to 
total  hemispherical  reflectance. 

The  gains  and  offsets  include  multiple  factors:  instrumental,  atmospheric, 
and  illumination  intensity.  The  gains  (Fig.  la)  show  nominal  differences  of  +_5 
%.  The  offsets  (Fig.  1b)  were  negligible  (<=  .01  reflectance  ).  The  pattern  of 
offsets  suggests  that  they  arise  from  the  instrumentation.  Atmospherically  caused 
offsets  would  be  expected  to  change  as  a function  of  wavelength.  A similar 
argument  also  applies  to  variations  in  gains.  Gains  for  images  taken  by  different 
cameras  near  the  same  time  are  equal  in  magnitude  to  the  gain  differences 
measured  for  images  taken  by  the  same  camera  over  a period  of  two  years. 

The  instrumental  noise  was  computed  as  that  component  of  the  variance  not 
explained  by  the  spectral  reference  endmembers  soil,  rock  and  shade.  While  it  is 
possible  that  the  noise  component  also  may  include  more  than  the  three 
endmembers  in  the  model,  the  spatial  distribution  of  the  noise  in  each  image  was 
either  random  or  line  oriented.  In  the  Lander  1 image  (12A1 68/028)  the  noise 
was  especially  high,  but  the  spatial  patterns  were  not  related  to  contextual 
features  of  the  Martian  surface. 

The  spectral  variance  attributable  to  surface  composition  (Fig.  2b)  was 
computed  by  determining  that  portion  of  the  total  variance  arising  from  soil  and 
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rock  reference  endmembers  such  that  there  was  no  shade  or  shadow  component 
to  the  image.  The  fractions  of  soil,  rock  and  shade  were  rescaled,  omitting  shade 
and  the  reflectance  from  each  pixel  was  computed  from  these  rescaled  fractions.’ 
The  spectral  variance  due  to  shade/shadow/phase  (Fig.  2a)  was  computed  by 
subtracting  the  variance  due  to  composition  and  instrumental  noise  from  the  total 
image  variance.  The  spectral  phase  component  of  the  image  variance  was 
spectrally  flat  so  that  it  could  not  be  separated  from  the  shade  and  shadow 
variance. 


Although  the  mean  fraction  of  rock  and  soil  for  the  Lander  1 and  2 sites  is 
similar  (Fig.  2c),  compositional  changes  are  evident  over  time  in  both  the  mean 
traction  (Fig.  2c)  and  the  spectral  variance  due  to  composition  (Fig.  2b).  For  the 
Lander  1 site  we  find  a significant  reduction  in  the  spectral  variance  due  to 
composition  over  a two  year  period  with  almost  no  change  in  the  fraction  of  soil 
(Fig.  2c).  In  contrast,  the  Lander  2 site  indicates  an  increase  in  compositional 
variance  and  in  the  mean  fraction  of  soil. 


Reference 

1.^  Adams,  J.  B„  M.  O.  Smith,  and  P.  E.  Johnson  (1986),  J.  Geophys.  Res.,  8098- 
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Figure  1 . The  gains  and  offsets  for  the  six  Viking  Lander 
1 and  2 images  are  necessary  to  provide  consistent 
fractions  of  spectral  endmembers.  The  patterns  are 
consistent  with  instrumental  drift  and  differences  between 
Lander  cameras.  The  graphs  are  organized  so  that  each 
line  is  the  gain  or  offset  for  a single  bandpass  for  each  of 
the  six  Lander  images. 
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Figure  2.  The  spectral  standard  deviation  of  shade  (a) 
and  composition  of  soil-rock  (b),  and  the  mean  soil 
fraction  (c)  in  four  Lander  images  indicate  significant 
changes  in  the  abundance  and  distribution  of  soil  over 
time  and  at  the  two  sites.  The  Lander  1 images  (2  &3) 
indicate  a decrease  in  the  soil-rock  spectral  variation 
with  only  almost  no  change  in  the  mean  soil  fraction 
over  a two  year  period.  In  contrast,  Lander  2 images  (5 
& 6)  indicate  nearly  a 10%  increase  in  the  fraction  of 
soil  and  an  increase  in  the  rock-soil  variance.  The 
spectral  variance  attributable  to  shade/shadow/ 
phase  at  the  two  sites  increased  over  the  two  years. 


Key  to  image  nos.  of  Fig.  1 and  Fig.  2:  1)  11A147/026;  2)  12A168/028;  3)  12H196/615  4)  21A190/023 
5)  22A1 87/023;  6)  22G1 07/526.  Images  nos.  1 - 3 are  from  Lander  1 while  nos.  4 - 6 are  Lander  2. 

An  elasped  time  of  nearly  two  years  exist  between  image  nos.  2 and  3 and  nos.  5 and  6. 
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VIKING  OPTICAL  AND  THERMAL  EVIDENCE  FOR  WIDESPREAD 
DURICRUST  SUBSTRATE  ON  MARS 

Edward  A.  Guinness  and  Raymond  E.  Arvidson.  McDonnell  Center  for  the  Space 
Sciences.  Department  of  Earth  and  Planetary  Sciences.  Washington  University,  St. 
Louis.  Missouri.  63130. 


Viking  Orbiter  visible  and  thermal  observations  provide  information  on  the 
uppermost  several  centimeters  of  the  martian  surface.  The  atmosphere  of  Mars  has 
clearly  interacted  with  the  surface  and  caused  extensive  modification  of  exposed  rocks. 
An  important  question  for  the  study  of  Mars  is  the  extent  to  which  local  bedrock  can  be 
identified  with  visible  and  thermal  data.  Several  recent  workers  |l-4]  have  used  Viking 
Orbiter  multispectral  image  data  to  study  the  martian  surface  in  the  equatorial  region 
between  Lunae  Planum  and  Oxia  Palus  (6°  to  80°  west  longitude).  In  this  abstract,  we 
further  characterize  materials  in  this  region  by  analyses  of  Viking  Infrared  Thermal 
Mapper  (1RTM)  data,  along  with  Viking  Orbiter  multispectral  images  acquired  at 
multiple  phase  angles.  In  addition,  we  use  the  results  of  these  analyses  to  develop  a 
model  to  explain  the  nature  and  distribution  of  surface  materials  and  the  relation,  if 
any,  to  bedrock  geology. 

The  equatorial  region  between  Lunae  Planum  and  Oxia  Palus  contains  three 
dominant  surficial  units  defined  by  their  reflectance  properties  |IJ.  Bright  red  material 
has  reflectance  properties  similar  to  palagonite  like  dust.  Dark  gray  material  has 
reflectance  properties  similar  to  mafic  fragments  thinly  coated  with  palagonite.  In 
addition,  there  is  a dark  red  unit  that  is  a mixture  of  bright  red  and  dark  gray  materials. 
The  bright  red  unit  is  found  as  crater  streaks  and  at  the  margin  between  dark  gray  and 
dark  red  units.  The  dark  gray  unit  is  found  in  Acidalia  Planitia  and  as  crater  splotches 
and  streaks  in  Xanthe  Terra  and  Oxia  Palus.  The  dark  red  unit  is  found  in  a continuous 
band  from  Lunae  Planum  through  Xanthe  Terra  and  into  Oxia  Palus.  The  dark  red  unit 
does  not  form  aeolian  features.  Regional  scale  thermal  inertia  values  for  the  three  units 
were  derived  from  pre  dawn  temperature  measurements  with  ground  resolution  of  about 
35  to  45  km.  The  bright  red  unit,  where  thicker  than  the  diurnal  skin  depth,  has  low 
thermal  inertias  corresponding  to  dust  sized  particles.  Thermal  inertias  for  the  dark 
gray  unit  are  relatively  high  and  correspond  to  sand-sized  particles  (0.5- 1.5  mm).  The 
dark  red  unit  has  intermediate  thermal  inertias. 

All  three  units  are  exposed  in  several  crater  streaks  and  the  in  surrounding  plains 
of  Oxia  Palus.  Color  images  of  this  region  were  obtained  within  a single  orbit  at  six 
different  phases  angles  between  1°  and  20°.  In  addition,  the  same  region  was  imaged 
with  a phase  angle  of  48°  on  a subsequent  orbit.  At  phase  angles  less  than  about  2° 
where  the  illumination  and  viewing  angles  were  nearly  normal  to  the  surface,  the  dark 
red  material  falls  along  a color  mixing  line  between  bright  red  and  dark  gray  materials. 
Typical  mixtures  are  about  77%  bright  reel  dust  and  about  23%  dark  gray  mafic 
fragments.  When  the  phase  angle  increases  above  about  5°  and  the  illumination  and 
viewing  becomes  more  oblique,  the  dark  reel  material  moves  off  the  mixing  line  and 
towards  a shaded  surface.  Comparison  to  the  Hapke  scattering  function  |5]  suggests 
that  the  photometric  behavior  of  the  dark  red  unit  can  be  explained  as  a mixture  of  the 
other  two  units,  but  having  a rougher  surface  at  a sub-pixel  scale.  This  interpretation 
also  explains  the  contrast  reversal  between  the  dark  gray  and  dark  red  units  reported  by 
Thomas  and  Veverka  |6|. 
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The  scale  of  roughness  in  the  dark  red  unit  was  estimated  from  analysis  of  the 
color  and  thermal  data.  Several  reflectance  profiles  were  examined  across  the  boundary 
between  the  dark  red  and  bright  red  units  in  Oxia  Palus.  We  find  that  the  deviation  of 
the  dark  red  unit  from  the  color  mixing  line  decreases  as  the  boundary  of  the  bright  red 
unit  is  approached.  Close  to  the  boundary  the  dark  red  unit  can  be  explained  by  simple 
mixing  of  bright  red  and  dark  gray  material  without  roughness.  This  implies  that  the 
roughness  elements  near  the  boundary  become  increasingly  buried  by  bright  red 
material.  Several  high  resolution  IRTM  tracks  (ground  spot  sizes  of  less  than  20  km) 
suggest  that  the  bright  red  dust  has  no  distinct  effect  on  the  thermal  inertia  signature  of 
the  dark  red  unit.  That  is.  the  bright  red  dust  cover  on  the  dark  red  unit  is  optically 
thick,  but  is  less  than  the  diurnal  skin  depth.  This  constrains  the  thickness  of  the  bright 
led  dust  to  be  less  than  a few  centimeters  since  such  low  thermal  inertia  dust  would 
dominant  the  thermal  signature  if  its  thickness  were  more  than  a few  centimeters  (7). 
Thus,  roughness  elements  in  the  dark  red  unit  must  have  heights  that  are  less  than 
several  centimeters. 


The  results  of  this  study  suggest  the  following  model  for  the  observed  materials. 
The  observed  surface  units  can  be  explained  by  a mixture  of  two  materials  and 
variations  in  surface  roughness.  The  bright  red  unit  consists  of  deposits  of  an  aeolian 
suspension  load  of  ferric-rich,  palagonite-like  weathering  products.  The  dark  gray  unit 
consists  of  immobile  mafic  materials  and  deposits  of  aeolian  traction  and  saltation 
loads.  Since  the  dark  red  unit  does  not  form  aeolian  features,  it  is  probably  a cemented 
mixture  of  dust  and  mafic  fragments,  equivalent  to  disrupted  duricrust  at  the  Mutch 
Memorial  Station.  The  duricrust  at  the  Mutch  Memorial  Station  contains  clods  of 
bright  red  dust  and  darker,  less  red  rock  fragments,  based  on  the  reflectance  of  soil 
clods  in  the  Station  s X-ray  funnel  [8|.  There  is  little  correlation  of  surficial  units  with 
bedrock  geology  throughout  this  equatorial  region.  The  distribution  of  units  is 
controlled  by  aeolian  processes  modulated  by  regional  and  local  scale  topography.  The 
deposits  are  probably  related  to  obliquity  variations  and  are  less  than  10f1  years  in  age. 
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An  Independent  Test  of  Reflection  Theories  for  Intimate  Mixtures  through  Monte 
Carlo  Computer  Simulations.  J.W.  Boardman  (CSES/CIRES  and  Dept,  of  Geological 
Sci.,  U.  of  Colorado)  and  B.M.  Jakosky  (LASP  and  Dept,  of  Geological  Sci.,  U.  of  Col- 
orado). 

Computer  simulations  that  we  have  done  of  reflectance  of  intimate  binary  mix- 
tures of  particles  re-create  discrepancies  between  current  analytical  theories  (Hapke, 
1981, 1984,  1986;  Hapke  and  Wells,  1981)  and  reported  observations  of  actual  physi- 
cal mixtures  (Mustard  and  Pieters,  1987).  These  computer  simulations  involve  a Monte 
Carlo  approach  to  modeling  of  directional-hemispherical  reflectance  from  an  isotropic 
half  space  of  randomly  packed  grains.  Twenty-eight  different  binary  mixture  models 
indicate  that  the  abundance  weighted  average  single-scatter  albedo  can  be  used  as  a 
single  parameter  to  properly  characterize  the  properties  of  the  mixtures  for  modeling 
purposes.  However,  inversion  of  the  resulting  hemispherical  albedo  to  obtain  mixture 
component  abundances,  using  the  methods  described  by  Johnson  and  others  (1983), 
gives  values  differing  in  a systematic  manner  from  the  actual  component  abundances 
of  the  mixture  models.  These  errors,  for  half  spaces  whose  average  single-scatter 
albedos  are  less  than  0.7,  cause  an  under-prediction  of  the  abundance  of  the  darker 
component,  as  is  observed  in  the  laboratory  experiment.  Various  assumptions  in  the 
formulations  of  the  first-order  theories  and  the  inversion  scheme  could  account  for  this 
disagreement.  The  results  of  this  study  suggest  that  the  errors  observed  in  the  physi- 
cal mixture  observations  may  be  due  to  inaccurate  theoretical  assumptions  rather  than 
to  any  physical  explanation  such  as  incomplete  or  non-isotropic  mixing  geometry. 
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SEEING  THROUGH  THE  DUST  AND  ALTERATION  PRODUCTS  OF 
MARS  Carle  M.  Pieters,  Geological  Sciences,  Brown  University,  Providence  RI  02912 

It  has  been  known  from  all  telescopic  observations  since  the  late  1960’s  that  the  surface  of  Mars  is  oxidized 
and  contains  iron  in  the  ferric  state  (1).  It  is  also  well  known  that  the  surface  frequently  experiences  dust 
storms  (that  may  become  global  in  nature).  The  elemental  compositions  of  fine  grained  soil  at  the  two  Viking 
landing  sites  are  almost  identical  (2)  in  spite  of  the  great  distance  separating  the  sites.  Except  for  minor 
scattering  effects  in  the  blue,  spectral  reflectance  properties  of  a dust  storm  are  apparently  the  same  as  those 
for  areally  extensive  high  albedo  regions  on  Mars  (3),  which  in  turn  also  exhibit  low  thermal  inertia  (4). 
These  characteristics  taken  together  led  to  the  concept  of  a fine  grained  "global  dust"  that  has  a high  albedo  and 
blankets  the  entire  planet  to  varying  degrees.  Since  remote  spectral  reflectance  observations  see  only  the 
uppermost  millimeter  or  two  of  a surface,  it  has  been  suggested  that  visible  to  near-infrared  measurements, 
intended  to  measure  variations  in  surface  mineralogy,  will  simply  observe  more  and  more  dust.  Such  a 
suggestion  is  fundamentally  flawed.  The  purpose  of  this  discussion  is  to  correct  this  misconception  so  that  a 
scientifically  sound  exploration  strategy  can  be  developed  that  includes  global  assessment  of  martian  surface 
composition  and  leads  to  the  return  of  appropriate  martian  samples. 

• Mars  Surface  as  a multicomponent  mixture:  Implications  of  albedo.  For  almost  a century,  several  large-scale 
(hundreds  of  km)  albedo  features  (both  high  and  low  albedo)  on  Mars  have  remained  roughly  constant,  while  over  the  same 
extended  period  only  approximately  25%  of  the  equatorial  region  has  exhibited  significantly  variable  albedo  (5).  In  spite  of 
the  frequent  dust  storms,  most  regions  on  the  surface  of  Mars  thus  appears  to  have  relatively  constant  long-term  bulk 
properties  indicative  of  an  equilibrium  balance  between  dust  cover  and  surface  exposure.  As  estimated  both  telescopically 
(6)  and  with  the  Viking  IRTM  instrument  (4),  the  magnitude  of  the  albedo  difference  between  high  and  low  albedo  regions 
is  about  a factor  of  two.  The  IRTM  results  in  fact  show  a distinct  bi-modal  distribution  of  surface  albedo  during  the  Viking. 

Strictly  speaking,  all  surfaces  are  mixtures  of  several  materials  and  remotely  acquired  reflectance  data  are  a 
combination  of  the  reflectance  characteristics  of  each  component.  If  the  mixing  occurs  on  the  macro-scale  (eg.  dust  vs  rock 
spatial  mixtures)  the  resulting  reflectance  is  a linear  mix  of  the  characteristics  of  each  component  according  to  their  relative 
portion  in  a spatial  context  (eg.  7).  Since  the  martian  dust  is  relative  homogeneous  and  exhibits  a high  albedo,  in  the  dust- 
cover  concept  for  the  Martian  surface,  any  variation  in  observed  bulk  reflectance  properties  of  the  surface  would  necessarily 
have  to  be  due  primarily  to  proportion  of  the  surface  not  covered  by  dust.  Since  the  general  properties  of  high  albedo  areas 
have  been  shown  to  be  representative  of  this  dust  (and  are  most  likely  largely  dust  covered)  the  extensive  areas  exhibiting 
lower  albedo  (by  a factor  of  two)  must  have  significant  exposure  of  low  albedo  materials  (rocks , pebbles , or  non- dusty  soil) 
and  must  have  less  than  50%  of  their  surface  spatially  covered  by  dust.  If  the  spectral  reflectance  properties  of  the  high 
albedo  dust  are  accurately  obtained,  a linear  mixing  model  can  easily  extract  the  spectral  reflectance  properties  of  the 
exposed  non-dust  component  from  bulk  reflectance  data. 

If  mixing  occurs  at  the  microscopic  scale  (an  intimate  mixture  such  as  occurs  for  most  rock  types  where  neighboring 
grains  are  of  a different  composition),  the  resulting  reflectance  is  affected  by  the  characteristics  of  each  component  in  a very 
non-linear  manner  (absorbing  materials  have  a larger  effect).  In  this  intimate  mixture  case,  separation  of  individual 
components  and  estimating  their  abundance  is  achieved  using  theoretical  modeling  (8)  which  has  been  tested  in  the 
laboratory  (9).  Effects  of  particle  size,  microstructure,  and  viewing  geometry  are  now  relatively  well  understood  for  reflected 
radiation,  and  such  modeling  produces  abundance  estimates  sufficiently  accurate  (~5%)  for  most  geological  problems.  In 
either  the  macro-  or  the  micro-  scale  of  mixing,  deconvolving  the  spectrum  of  a complex  mixture  into  its  individual 
components  can  be  readily  achieved  when  accurate  reflectance  data  are  acquired  for  the  surface  and  possible/probable 
components  of  the  mixture  can  be  estimated. 

• Alteration  of  surface  material  and  dust  abundance.  Alteration  of  surface  materia]  has  occurred  on  Mars,  and  various 
amounts  of  " global  dustH  exist  almost  everywhere  on  the  surface.  These  are  two  separate  issues  and  should  not  be  confused. 
Neither  of  these  complications,  however,  detract  from  the  expected  return  from  a carefully  planned  spectroscopic  analysis  of 
the  martian  surface  at  high  spatial  resolution. 

The  alteration  processes  that  transformed  martian  rocks  (presumed  mafic)  into  the  obviously  ferric-bearing  soil  are  not 
clearly  known.  Alteration  may  be  ongoing  today  and/or  occurred  extensively  early  in  the  history  of  Mars.  Experience  with 
terrestrial  materials  involved  in  ongoing  weathering  effects  that  cause  alteration  (to  ferric  bearing  phases  and  clays) 
indicates  that  alteration  normally  affects  the  outermost  surface  (which  eventually  flakes  off  and  the  process  starts  anew). 
As  shown  in  the  examples  of  Figures  2 and  3 the  spectral  character  of  such  alteration  is  dominated  by  the  ferric  phases  in 
the  visible,  but  many/most  of  the  diagnostic  absorption  bands  of  the  host  rock  in  the  near-infrared  nevertheless  remain 
readily  detectable.  In  some  cases  the  diagnostic  nearIR  bands  are  easier  to  detect  in  the  altered  surface  (Figure  3), 
Apparently  because  the  alteration  affects  the  surface  structure  and  allows  a deeper  penetration  of  radiation.  On  the  other 
hand,  a process  that  cause  more  extensive  alteration  (metamorphism)  generally  affects  the  whole  rock  and  transform 
original  minerals  of  the  material  (pyroxene,  olivine,  etc)  into  other  species  which  have  equally  diagnostic  absorption  bands 
(amphibole,  serpentine,  etc.).  If  this  latter  form  of  alteration  is  more  common,  such  mineral  species  should  also  be  readily 
detectable  in  near-infrared  reflectance  spectra.  Identification  of  their  existence  would  in  fact  help  identify  the  major 
alteration  processes  affecting  the  surface  of  Mars. 

The  dust  storms  observed  on  a global  scale  indicate  that  dust  must  exist  in  some  proportion  almost  everywhere.  The 
origin  of  the  dust  is  linked  to  alteration  processes,  but  because  of  its  long-term  mobility  (and  presumed  homogenization),  it  is 
unlikely  that  a single  rock  type  is  the  source.  Even  within  the  poor  spatial  resolution  of  earth-based  measurements  (Figure 
1),  lower  albedo  regions  exhibit  a range  of  variations  beyond  0.8  pm  in  the  nearIR  where  mafic  minerals  begin  to  become 
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• Conclusions  Several  direct  results  of  this  discussion  are  relevant  to  measurement  strategy: 
i ’ ir^tl0n  an<?  duSt  deP°sltion  Me  two  separate  processes  affecting  the  surface  of  Mars  Alteration  is 
te  WendfiS'hf  feraUon  Passes  are  surficial  and  often  only  affect  the  visible , allowing  local  lithology  to 
U[  di  r.^!  1 Car  I^.'i  ^?tamorphlc  ^teraPon  processes  (impact,  volcanic,  etc)  can  transform  but  not 
S7nn°Ca  ,uhf,0Sy-  global  dust,  on  the  other  hand,  is  likely  to  have  resulted  from  several  processes 
acting  on  a variety  of  lithologies  over  an  extended  period  of  time  (ie.  it  has  no  singular  origin)  It  is 

sKrexyp^s°ure°8eneOUS  f0m,S  3 regUl3r  PattCm  °f  regional  deP° sits  resulting  in  different  decrees  of 

lA^t  Vis'jle  part  of  Uspectrum  is  strong‘y  affected  by  both  alteration  and  dust  cover,  and  does  not  contain 
adequate  information  to  characterize  the  composition  of  local  material  (other  than  ferric  components)  Anv 

ESveranat,°nS  ^ VlS,We  ^ nevertheless  used  10  map  ^e  extent  of  surface  units  andhelp  estimate 

3.  Only  about  25%  of  die  martian  surface  (high  albedo)  is  expected  to  contain  a sufficient  thickness  of  dust 

OhTr  , m3ke  composit,onal  stud,es  of  locai  lithology  difficult  without  data  of  the  highest  spatial  resolution 
Observations  of  these  regions  are  scientifically  very  important  nevertheless  since  they  provide  the  best  S on 
the  nature  (and  homogeneity)  of  global  dust. 

!ih.Hbe/emainingKegi0nS  (intClrmed'ale  and  low  *“**>>  contain  varying  amounts  of  dust  cover.  A typical  low 
bedo  area  must  have  more  than  50%  of  its  surface  exposed  without  dust  cover.  Given  high  quality  near- 
infrared  reflectance  data  (0.8  to  -4  pm)  of  such  areas  and  accurate  reflectance  data  characterizing  the  dust 

mTSrihiV  ab(?vre)’  m,xing  ™odeIs  can  readily  exP-act  the  spectral  reflectance  properties8  of  local 
lhSirel  *“?  StCp denving  compositional  information  about  surface  units.  Depending  on  the 

• Summit  m3y  **  pnsUne  or  metamorphosed  outcrops,  lag  deposits,  non-mobile  soil 

Summary.  Although  Mars  presents  measurement  and  analysis  challenges,  all  current  information  indicates 
advanced  sensors  will  provide  an  excellent  assessment  of  the  compositional  nature  and  diversity  of  materials. 
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* Figure  3.  Spectra  of  a dolomite  from  Kings-Kaweah 
ophiolite  melange  (J.F.  Mustard,  unpublished).  A 
freshly  exposed  surface  exhibits  the  diagnostic  features 
of  carbonate  as  well  as  Fe+2  features.  The  exposed 
(natural)  exterior  exhibits  ferric  alteration  in  the 
visible,  but  the  carbonate  features  of  the  host  rock  are 
readily  apparent  in  the  nearIR.  The  strong  carbonate 
bands  between  3.3  and  3.5  pm  are  more  easily  detected 
in  the  altered  surface. 

This  work  results  from  research  under  NASA  grants 
NAGW-28  and  NAGW-1118.  Spectra  were  obtained 
using  RELAB,  a multi-user  facility  under  NAGW-748. 
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nFTFRMTN ATION  OF  REGIONAL  SURFICIAL  GEOLOGY  FOR  AEOLIAN 
TERRAINS  UTILIZING  A LINEAR  MIXING  ALGORITHM  FOR  REMOT 
SENSING  DATA 

G.  Blount,  R.  Greeley,  P.R.  Christensen,  N.  Lancaster,  J.B  Adams,  and 
M.O.  Smith,  Dept,  of  Geology,  Arizona  State  University,  Tempe,  Arizona,  85 

The  objective  of  this  study  is  to  assess  techniques  for  determining  the  source  areas,  transport 
naths  and  deposition  sites  of  windblown  sediments  from  remote  sensing  data.  A linear  mixing 
model  was  used  to  delineate  sand  populations  on  a regional  basis  by  mapping ' |“7iSd  Sw 
differences  due  to  sand  grain  composition,  surface  coating,  and  grain  size.  Extensive  field  studies 
were  performed  to  document  granulometric  variations  within  and  to  establish  the  dynamic  state  of  a 
terrestrial  sand  sea,  the  Gran  Desierto  of  Sonora,  Mexico.  Ground  parameters  were  then  correlated 
wSfeSspectral  variations  on  Landsat  thematic  mapper  (TM)  data.  Sediment  source  areas 
ffanspoS  paths  and  deposition  sites  were  established  at  >200  regional  control  points.  The 
5 700  kS  study  area  is  bounded  by  the  Colorado  River  delta  on  the  west;  granitic  mountain 
ranges  to  the  north,  the  Cenozoic  Pinacate  volcanic  shield  to  the  east  and  the  northern  shore  of  the 

of  spectral  reflectance)  have  been  correlated  to  establish  the  relationships  between  vanatio  s 
CTOund  parameters  and  spectral  variations  delineated  from  orbital  data.  The  linear  mixing 
Adams  et  al  (1986)  has  been  used  to  map  the  concentration  of  accessory  grains  mixed  into  aeolian 
sands* and  to  delineate  the  spatial  boundaries  of  spectrally  distinct  aeoltan  boies^Syntheuc 
fraction-images  have  been  generated  and  utilized  to  delineate  sand  populations  of  differing  ages.  As 
S Stifese  investigations,  a geologic  history  of  sediment  emplacement  in  the  Gran  Desierto 
has  been  proposed  (Blount  and  Lancaster,  in  press).  The  study  has  shown  that  a majority  of  the 
sediment?  i/the  sand  sea  were  delivered  by  fluvial  processes  and  then  subjected  to  aeolian 

reWT^niati^Mapper^am,<  although coarse  spectral  resolution, 

fnac^e  sS^e  also  mapped  on  f regional  scale  as  unique  units  These  modeled  fractions  have 
been  correlated  with  point-count  data  from  188  field  samples  and  found  to  have  an  accuracy  le  e 
of -93%  for  high-albedo  materials  and  -76%  for  low-albedo  materials  mixed  with  aeolian  sand 
(Blount  1988).  Differences  between  the  predicted  and  observed  fractions  of  accessory  grains  were 
linear,  and  therefore,  the  fraction-images  correctly  map  grain  distribution  trends  on  a regional 
scale  It  was  found  that  monochromatic  near  infrared  data  can  be  employed  to  discriminate  acttv 

tot  inactive  sand  surfaces.  The  discrimination  capability  relates  wtih 

albedo  grains  as  a function  of  grain-size  in  the  two  surface  types.  The  problems  asswiated  witn 
modeling  low-albedo  end-members,  which  have  also  been  reported  by  other  workers,  can  be 
substantially  solved  by  including  a thermal  band,  such  as  TM  Band  6,  in  the  mixing  model,  an 
generating  second-order  fractions  based  on  differences  between  the  shade  end-member  and  thermal 
emission ^The  "shade”  end-member,  which  maps  spectrally  flat  low-albedo  ground  features,  has 
proved  useful  as  an  image  enhancement  technique  by  effectively  correlating  small  brightness 
variations  on  S’x  of  the  seven  bands  simultaneously  and  leading  to  the  recovery  of  superposed 
St  bedfoms  which  were  previously  at  the  noise  level  of  the  TM  instrument  (Blount  and 
Greeley,  1987).  The  existence  and  orientation  of  newly-resolved  bedforms  have  been  confirmed  in 

thC  Spatial  variations  in  the  concentration  of  an  end-member  can  be  used  to  successfully  map  the 
movement  of  sediments  from  source  units  into  an  aeolian  environment  without  a priori  knowledge 
of  the  geologic  units  present.  End-members  may  be  chosen  strictly  on  the  basis  of  the  vertices  of  a 
b-dimensional  mixing  volume,  where  b = the  number  of  spectral  bands  utilized.  It  was  found  that 
the  linear  mixing  approach  can  be  used  to  predict  the  fraction  of  each  geologic  end-member  present 
fombted  pixels  as  well  as  to  delineate  spectrally  distinct  sand  populations.  The  accuracy  of 
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* -nolled  by  the  normal  variance 

arising  from  normal  compositional8  attitudinal  and  siirfi!S.fXerC1Sed  S°  that  sPectral  variations 
discrete  geologic  units.  Mapping of ^transDomtinn  pan?eters  “*  not  interpreted  as 

different  sand  populations  feasible  preciLlv  because  0^^  t**  miXinrg  between  spectrally 
approach  may  actually  yield  less  In  f neral>  *e  mixing 

It  is  therefore  imperative  that  the  SDectral  miYinr*  nen  rScd,^.  resolution  spectral  data, 
prior  ,0  the  application  of  a rtxInfSZ  J sptS  tSVE??  “?  ta  fulIy  “ndCTStood 
demonstrated  in  this  terrestrial  study  whiclTarises  from  s^  mapping  capability 

gram-size  and  grain-coating  allowed  the  Hicrrirmnat*  ^ ^differences  in  gram  mineralogy, 

inferred  to  range  from  >80,000  P°Pulations  with  ages 

acuve  sand  sheets  originating  from  the  Colorado  ? ian  ,dePosltlon  ls  inferred  for 

adjacent  Gulf  of  California.  iical  ^Tsoi^ces  ^ n®ntlc  «“*  derived  from  the 

but  play  a relatively  minor  role  in  the  voTurn^?^  S,urficiaI  character  of  the  Gran  Desierto, 
processes  in  the  Gran  Desierto  have  combined  /“Ulatl?n  °f  S,ancL  Tectonic  and  climatic 

non-local  fluvial  and  marine  sediments  overshadow  the  loraii11^  CX  aeo  i5n  deposition  site  in  which 
These  results  have  sienifiSmr SnlSSS?7  a locaI!y-generated  sand  supply. 

surficial  materials  and  establishing  the  dynamic  swie  and™”1"8  the,geolo?ic  history  of  decoupled 
on  Mars.  Data  from  the  anticipated  Mars  Observer  minion*  ?eo!oglc  hls[ory  of  aeolian  terrains 
Spectrometer  (TES)  will  allow  linear  mixing  techn^fLT  S.  ’ 1Including  the  Thermal  Emission 
spectral  resolution  than  in  the  current  TM-based  terrestri^?  apphe<!  w“h  a much  higher  degree  of 
such  increased  spectral  resolution  carries  the  roteS  *• example-  As  noted  above,  however, 
variance  of  the  surficial  materials S if  the  n0rmal  sPectrai 

determine  sand  source  areas  and  transportation  nSh? 1 * mt0  account-  The  ability  to 

desertification  and  establishing  evidence  for  Kfe^in f°r  jessing  questions  about 
that  the  Earth  has  undergone  many  episodes  in^hirh  ^ 1116  ge°0glC  record  makes  it  clear 
shaping  the  Earth's  surface.  The  mixing  A processes  were  major  factors  in 

establishing  the  relationship  between  local  bedrock  Soat  ^?1  “!  ^ _study  was  successful  in 
Gran  Desierto  test  site  also  provided  an^xamnl^of  PuU  Ses  of  aeolian  sediments.  The 

relatively  shorter-term  fluvial/aeolian  processes  in  detail?  ti.y  tectonic  and 

Recent  attempts  [Adams  et  al.,  19871P0  deteminP  *C  ge°logIC  hlstory  of  a study  area, 

have  generally  been  hampered  by *he SUrficial  materials  on  Mars 
orbiter,  respectively,  as  well  as  tL  relativelv  low^S^  fVailable  from  the  Viking  lander  and 
evidence  [ArvidsoJ  et  al.,  1987]suggeslstha^  °f  the  °rbiter  Cam"ras-  Accent 

with  bedrock  geology.  It  is  important  therefore  that  Lv  ^urface  matenals  are  uncorrelated 

aeolian  sediments  on  Mars  take  into  acc<SnTL  ^ map  ±e  spatial  distribution  of 

outcrops,  their  resulting  aeolian  products  anri  tt  S ^ characteristics  of  both  eroding  bedrock 
dust  layers.  8 pr0dUCtS  and  the  mixing  of  these  two  with  ubiquitous  atmosphSc 
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Thermal  Conductivity  and  Near-Surface  Temperature  Gradients  in  Thermal-In- 
frared Spectroscopy  of  Planetary  Surfaces.  B.M.  Jakosky  (LASP  and  Dept,  of  Geo 
logical  Sci.,  U.  of  Colorado,  Boulder,  CO  80309-0392) 

Radiation  to  space  can  dramatically  modify  the  temperature  gradient  within  the 
uppermost  tens  to  hundreds  of  microns  of  a regolith  when  the 

subsurface  thermal  conductivity  is  important,  as  described  by  Logan  and  Hunt  (1970). 
On  Mars  all  three  components  of  conductivity  --  radiation,  solid,  and  gaseous  conduc- 
tion - can  play  a role  under  different  circumstances.  The  radiative  contribution  is  gen- 
erally small  compared  to  the  solid  component  for  temperatures  less  than  about  250  K. 
Both  added  together  are  small  compared  to  the  gaseous  conductivity -under  most  ar- 
cumstances.  Therefore,  radiation-induced  gradients  are  not  usually  important  in  mar 
tian  spectroscopy  Near-surface  gradients  resulting  from  time  variations  of  the  surface 
and  subsurface  te mperatu res  are  also  not  generally  important  on  Mars  or  on  other 
planetary  objects  although  they  can  be  important  in  laboratory  situations.  On  outer- 
solaf-system  satellite  surfaces,  temperatures  are  low  enough  that  the  radiative  contri- 
bution to  conductivity  will  be  small,  and  near-surface  gradients  are  again  not  expected. 
On  the  Moon  and  Mercury,  however,  with  midday  temperatures  above  350  the 

diative  component  will  dominate,  and  temperatures  can  vary  by  over  100 1 K . within i the 
depth  range  over  which  the  observed  infrared  energy  is  generated.  Addlt,ona'  '??? 
ratory  experiments  on  the  thermal  conductivity  of  materials  composed  of  very-fine 
drained  particles  (down  to  1 pm)  at  a variety  of  ambient  pressures  and  temperatures 
are  required  both  to  understand  the  geologic  implications  of  measured  diurna J tem- 
perature variations  of  planetary  objects  and  to  determine  the  role  of  near-surface  tem- 
perature gradients  in  mid-infrared  spectroscopy. 


257 


n / aE£RCH  Funr  URFACE  ICE  ON  MARS  USING  VIKING  THERMAL  MAPPER  OBSERVATIONS 
David  A.  Paige,  UCLA,  Los  Angeles,  CA  90024  ° 

Thermal  models  for  the  distribution  of  martian  permafrost  indicate  that  subsurface  water  ice  could 
presently  be  stable  throughout  the  year  at  depths  ranging  from  10  to  100  cm  at  latitudes  poleward  of  ±40° 
(1).  Proof  for  the  existence  of  such  deposits  would  have  important  implications  for  our  understanding  of  the  ini- 
t.a  volatile  inventory,  atmospheric  evolution,  geology,  and  climate  of  Mars.  The  goal  of  this  study  is  to  map  the 
distribution  of  surface  and  subsurface  permafrost  at  high  latitudes  by  using  Viking  IRTM  surface  temperature 
observations  in  conjunction  with  diurnal  and  seasonal  thermal  model  calculations.  P 

the  basisSnOh'Vater| °J-  ^ distinguished  from  fi"e,  unconsolidated  surface  materials  on 

the  basis  of  thermal  inertia.  Solid  water  ice  has  a thermal  inertia  of  1=50  xl0~3  cal  cm-2  sec  whereas 

m.d-latitude  martian  surface  materials  have  thermal  inertias  ranging  from  1 xlO"1 2 3 4  to  15  xl0~3  cal  cm"2  sec 
(.),  Thermal  inertia  can  be  inferred  from  remote  sensing  observations  because  it  has  a major  influence  on 
amplitudes  of  diurnal  and  seasonal  surface  temperature  variations.  Since  martian  diurnal  temperature  waves 
pene  rate  a few  centimeters  into  the  surface,  and  seasonal  temperature  waves  penetrate  to  at  least  a meter  surface 
temperature  observations  can  be  used  to  infer  the  presence  of  permafrost. 

Very  little  work  has  been  done  to  date  on  the  degree  to  which  subsurface  thermal  structure  can  influence 
surface  tempera  u re  variations  for  inhomogeneous  media.  Of  particular  interest  for  this  study  is  whether  the  results 

s,  uiT,  ,T?  CaJCU  atl°n:  are  Un,qUe-  The  COmmentS  We  received  from  Uie  Review  Pane,  on  our  original  proposM 

Id".  I°”e,s  ”"“"V,‘y  ‘°  P..p«.i»  «1 

We  have  addressed  these  concerns  by  performing  thermal  model  calculations  over  a wide  range  of  input 
parameters.  Our  conclusion  is  that  the  results  of  two  layer  thermal  model  calculations  are  unique  but  for  the 

fhe'lRTMd  t n u P Pnmary  hmitat,°ns  on  our  abilit-V  ‘o  infer  subsurface  thermal  structure  will  come  from 
to  sn!™fd  H ff',  FlSUreS  E*  and  3 ll,UStrate  key  aspects  of  the  sensitivity  of  surface  temperature  variations 
, " SUf  aCe  ierma  s Fuclure-  The  input  parameters  for  the  calculations  shown  in  Fig.  2 were  identical  to  to 
lose  in  lg  except  that  the  thermal  inertia  of  the  lower  layer  was  assumed  to  be  20xl0~3  cal  cm-2  sec  ~1/2 
wh.ch  would  be  appropriate  for  “loose  frozen  ground”  instead  of  solid  water  ice.  Assuming  a lower  inertia  for 
the  frozen  material  decreases  the  magnitude  of  the  seasonal  temperature  variations  from  their  expected  values  We 
" " <_hat  this  same  effect  can  also  be  produced  by  increasing  the  depth  to  the  high  inertia  layer.  The  input 

parameters  for  the  calculations  shown  in  Fig.  3 were  identical  to  those  in  Fig.  1,  except  the  depth  to  the  liieh 
inertia  lager  w.„  „.,m.d  to  be  ,5.5  cm  in.U.d  o,  ,0.5  c„,  Comparing  ,„e  fi,.«  , wt « , fet 

of  decreasing  the  assumed  thermal  inertia  of  the  lower  layer  are  very  similar  to  the  effects  of  increasing  its  depth 
Experience  with  the  high  latitude  IRTM  observations  shows  that  they  can  typically  be  fit  to  an  accuracy  of  ±3K 
with  these  types  of  models.  Therefore,  it  seems  unlikely  that  we  will  be  able  to  simultaneously  define  the  depths 
and  thermal  inertias  of  subsurface  layers  with  the  presently  available  observations  in  a unique  manner. 

r , * ‘ ustrated  ln  tbe  figures,  the  existence  of  high  inertia  subsurface  material  results  in  cooler  than  expected 

surface  temperatures  during  early  summer,  and  warmer  than  expected  surface  temperatures  during  late  summer 
• id  wme  to  our  attention  that  this  behavior  could  also  be  produced  by  the  radiative  effects  of  polar  water  ice  or 
dust  clouds.  To  assess  the  potential  sensitivity  of  our  results  to  these  phenomena,  we  have  added  an  atmospheric 
radiative  module  to  our  surface  thermal  mode.  code.  The  present  atmospheric  mode,  is  a simple  oned^Tmodd 

It  does  U<|'S  l'T  r ° SCaUerl"g'  emiss,on  and  absorption  by  aerosol  particles  at  solar  and  infrared  wavelengths 
does  not  include  the  radiative  effects  of  gasses,  or  vertical  heat  transfer  due  to  convection.  Despite  its  simplfcity 
type  model  has  proven  adequate  for  addressing  a wide  variety  of  polar  surface  heating  problems  (3). 

xamples  of  combined  surface  and  atmospheric  model  calculations  are  shown  in  Figures  4 where  we 
assume  the  presence  of  atmospheric  dust  with  a solar  spectrum  vertical  opacity  of  r = 1.  The  results'  show  that 
•Tie  net  effects  of  dust  on  polar  surface  temperatures  are  qualitatively  similar  to  those  at  low" latitiTs  4 b 
mosp  uric  ust  suppresses  the  range  of  diurnal  surface  temperature  variations,  but  has  little  effect  on  seasonal 

.ynrage  TPe  tUrCS'  USt  r ‘ 1 therefore  cause  us  to  overestimate  near-surface  thermal  inertias,  but  will  have  no 
significant  impact  on  our  ability  to  detect  subsurface  high-inertia  material. 

The  general  conclusion  that  can  be  drawn  from  our  sensitivity  studies  is  that  although  dust  and  water  ice 

h ,‘h“j  ' ,*?“  P°'“  «,  SS3 

UiejliTM  son, jT  polar  oh'  r c*le"l‘‘'"h"ir“l*  ofalmcpheric  aerosols  will  be  especially  valuable  for  analysing 
IK1M  south  poIar  observations,  which  are  more  seriously  affected  by  atmospheric  dust  ' 8 
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VARIATIONS  IN  Ts  at  75°N  DUE  TO  A CHANGE  OF  THERMAL  INERTIA  AT  10cm  VARIATIONS  IN  Tg  at  75°N  DUE  TO  A CHANGE  OF  THERMAL  INERTIA  AT  10cm 
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VARIATIONS  IN  Tg  at  75°N  DUE  TO  ATMOSPHERIC  DUST  AS  A FUNCTION 


(M)  3HIUVN3dHai  SOVJHflS  (»)  S1  V ' 
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is  assumed  to  contain  substantial 


col"-  AND  SO^-BEARING  ANIONIC  COMPLEXES  DETECTED  IN 
MARTIAN  ATMOSPHERIC  DUST 

T.  Roush,  J.  Pollack,  C.  Stoker,  F.  Witteborn,  J.  Bregman,  D.  Wooden,  (Ames  Re- 
search Center,  M/S  245-3,  Moffett  Field,  CA  94035)  and  D.  Rank  (Lick  Observatory 
and  Board  of  Studies,  U.  California  Santa  Cruz,  Santa  Cruz,  CA  95064) 

Seven  spectra  of  Mars,  in  the  5.4-  to  10.5/zm  wavelength  region  were  obtained  with  the' 
Faint  Object  Grating  Spectrometer  (FOGS)  (1)  during  a flight  of  the  Kuiper  Airborne 
Observatory  (KAO)  on  October  13,  1988(UT).  A grating  with  a resolving  power  of  60 
was  used  for  these  observations  and  wavelengths  were  calibrated  by  comparison  with 
the  absorption  spectrum  of  polystyrene  measured  prior  to  each  set  of  observations. 
Two  sets  of  observations  were  obtained  during  the  flight  and  each  set  consisted  of 
4 to  6 measurements  of  the  individual  Mars  spots.  The  observations  included  some 
overlap  of  the  regions,  due  to  the  relative  size  of  the  effective  aperature  («  8.3”)  to  the 
angular  diameter  of  Mars  («  21.75”).  Spot  locations  include  extensive  coverage  of  the 
southern  latitudes  35°N  - 90°S,  and  longitudinal  coverage  of  75°W  - 250°W.  Mars 
flux  levels  were  derived  using  o Tau  as  a calibration  star.  The  three  representative 
curves  shown  in  Figure  1 illustrate  that  the  martian  spectra  exhibit  several  absorption 
and  emission  features.  Peaks  B and  C , located  near  7.8  and  9.8/im,  correspond  to 
surface  emission  by  silicates.  In  order  to  enhance  other  features  it  is  necessary  to 
calculate  flux  ratios  of  the  different  spots  on  Mars.  Mars  center  spot  has  low  martian 
air  mass  and  high  surface  temperature  whereas,  Mars  northeast  spot  has  low  martian 
air  mass  and  low  surface  temperature.  Hence  a ratio  of  center  to  northeast,  as  shown 
in  Figure  2,  will  enhance  subtle  features  due  to  both  absorptions  by  materials  sus- 
pended in  the  martian  atmosphere  and  emissions  by  materials  located  on  the  surface. 
The  wavelength  positions  of  these  features  are  listed  in  Table  1.  Emission  peak  A, 
centered  near  6.1jum,  is  due  to  H20  which  we  attribute  to  hydrated  surface  materials 
on  Mars.  Absorption  bands  2,  3,  5,  and  7 can  all  be  explained  by  the  presence  of 
C02  gas  in  the  martian  atmosphere.  This  leaves  absorption  bands  1,  4,  and  6 to  be 
explained  by  other  materials. 

The  central  wavelength  positon  of  Band  1 is  suggestive  of  the  CO3  anionic  complex 
located  in  a distorted  crystallographic  site.  In  a low  symmetry  environment  a splitting 
of  the  v 3 asymmetric  stretch  results  in  two  absorptions  located  near  6.7-  and  7.05/xm 
(2).  Since  the  6.7/xm  band  is  obvious  in  Figure  2,  one  would  expect  a contribution  due 
to  CO|~  near  7/an.  Models  of  the  martian  atmospheric  transmission  indicate  that 
the  C02  gas  absorption  centered  near  7.3^m  provides  no  contribution  at  wavelengths 
shorter  than  7/zm.  The  additional  absorption  between  6.8-  and  7/xm,  seen  in  Figure 
2,  and  the  wavelength  position  of  Band  1 are  both  consistent  with  the  suggestion  that 
the  CO3-  complex  is  located  in  a crystal  structure  more  complicated  than  calcite. 
This  suggestion  is  consistent  with  the  infrared  spectra  of  both  a variety  of  carbonates 
(2)  and  the  recently  suggested  mineral  scapolite  (3,4). 

The  central  position  of  Bands  4 and  maybe  6 are  suggestive  of  the  SO*-  or  HSO4 
anionic  complexes,  which  are  commonly  associated  with  the  sulfates  or  bisulfates  (5). 
The  SO4-  U3  asymmetric  stretching  fundamental  occurs  between  8.7-  and  9.0/im  de- 
pending upon  the  associated  cation.  In  low  symmetry  sites  the  Vi  symmetric  stretch 
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becomes  infrared  active  and  in  some  sulfates  occurs  near  9.8p.m.  We  cautiously  assign 
Band  6 to  but  note  that  the  central  position  of  Band  6 lies  near  the  strong  silicate 
emission  peak  and  hence  is  extremely  sensitive  to  the  relative  ocntributions  of  both 
absorption  and  emission.  Higher  spectral  resolution  than  currently  used  is  required 
to  derive  spectific  details  regarding  both  the  associated  cation  or  crystal  site  that  the 
SC>4_  complex  is  located  in. 

The  data  presented  here  indicate  the  presence  of  several  anionic  complexes  associ- 
ated with  the  solids  suspended  in  the  martian  atmosphere.  Bands  assoicated  with 
C03-  occur  at  positions  which  indicate  that  complex  is  located  in  a distorted  crys- 
tallographic site.  One  band,  unambiguously  associated  with  either  SO*-  or  HSO4  , is 
identified  but  conclusions  regarding  specific  composition  or  mineralogy  await  higher 
spectral  resolution.  The  presence  of  the  6.1/xm  emission  peak,  due  to  H20,  is  indica- 
tive of  the  presence  of  hydrated  materials  on  the  surface  of  Mars.  The  identification 
of  these  anionic  complexes  illustrates  the  utility  of  obtaining  spectral  information  in 
the  wavelength  region  where  vibrational  fundamentals  occur.  The  presence  of  these 
anionic  complexes  and  hydrous  nature  of  the  surface  matieral  provide  direct  evidence 
for  the  occurrence  of  reservoirs  on  Mars  which  can  accomodate  many  of  the  volatiles 
thought  to  have  been  outgassed  during  its  evolutionaly  history  (6). 
ACKNOWLEDGEMENTS:  These  observations  were  made  possible  by  the  coopera- 
ton  of  the  KAO  technical  support  staff  and  flight  crew. 
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Table  1.  Features  in  KAO  Mars  Data 
Band Position  (/im) 

Absorptions 


1 

2 

3 

4 

5 

6 
7 


6.7 

7.3 

8.0 

8.7 
9.2 

9.8 

10.3 


Emission  Peaks 
A 6.1 

B 7 .9-8.0 

C 9.6-9.8 
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Figure  1.  Flux  (W  cm-2  /i-1)  measured  from  three  locations  on  Mars  early  in  the  evening  of 
October  13,  1988(UT).  Letters  correspond  to  emission  peaks  listed  in  Table  1. 


Figure  2.  Mars  center-to-northeast  energy  ratio  is  used  to  enhance  both  absorptions  due  to 
materials  present  in  the  martian  atmosphere  and  emissions  due  to  surface  material. 
Numbers  correspond  to  absorptions,  and  letters  to  emissions,  listed  in  Table  1. 
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SCAPOLITE  ON  MARS 


Roger  N.  Clark,  (U.S.G.S.,  Denver),  Gregg  A.  Swayze  (U.S.G.S.,  Denver), 
Robert  B.  Singer  (U.  Arizona,  Tucson),  and  Jim  Pollack  (NASA  Ames). 


The  mineral  scapolite  has  been  discovered  in  the  near- inf rared  spec- 
trum of  Mars  based  on  unique  fine  structure  in  an  absorption  band  centered 
near  2.36-pm  that  matches  the  spectrum  of  scapolite.  The  scapolite  bands 
are  apparent  in  many  of  the  areas  measured,  so  it  appears  to  be  nearly  glo- 
bally distributed,  probably  in  the  dust.  The  details  of  the  newly  observed 
2.36-pm  complex  also  varies  slightly  with  location  on  Mars,  indicating  com- 
positional variation  in  different  regions.  These  details  uniquely  identify 
scapolite,  while  eliminating  many  other  minerals.  The  scapolite  bands  in 
the  martian  spectrum  are  weak,  so  it  is  but  one  component  of  the  surface, 
with  abundances  ranging  from  near  zero  to  as  much  as  about  30  wt%  based  on 
calculations  using  a radiative  transfer  reflectance  intimate  mixture  model. 

The  2.1-  to  2 . 5 -pm  spectral  region  is  particularly  diagnostic  for  many 
minerals,  including  those  bearing  hydroxyl  (e.g.  clays),  carbonates,  and 
sulfates.  The  presence  or  absence  of  absorption  bands  in  this  spectral 
region  is  therefore  very  important  for  identifying  possible  martian 
mineralogy.  So  far,  no  absorption  bands  have  been  detected  in  the  2. 2 -pm 
region  of.  Mars  ruling  out  the  presence  of  well-crystallized  minerals  such 
as  montmoril Ionite  and  muscovite.  The  only  absorption  band  in  the  entire 
to  2.5-pm  spectral  region  other  than  that  caused  by  martian  atmos- 
pheric CO  and  C02  is  a weak  absorption  band  near  2.36  pm.  This  band  has 
been  known  for  some  time  (Singer  et  al . , LPSC  XVI , 1985;  Martin,  BAAS  17, 
723,  1985),  but  the  specific  mineral  responsible  could  not  be  identified 
from  the  low  resolution  spectra.  The  absorption  is  unusual  because  it 
occurs  at  a longer  wavelength  than  is  typical  for  most  minerals,  yet  the 
band  appears  similar  at  low  spectral  resolution  to  those  in  OH-bearing 
minerals.  Typically,  such  minerals  have  bands  that  occur  near  2.2  pm  if 
due  to  A1-0H  (e.g.  kaolinite,  montmorillonite) , near  2.3  pm  if  due  to  Mg-OH 
(e.g.  epidote , serpentine)  or  Fe-OH  (e.g.  nontronite) 

_ °tder  to  identify  minerals  with  absorption  bands  that  may  match  the 
martian  band,  spectra  of  hundreds  of  minerals  were  examined.  The  USGS 
spectral  database  was  also  queried  and  only  certain  members  of  one 
mineral  group  matches  the  position,  width  and  asymmetry  well:  mizzonitic 
scapolite.  Although  mizzonitic  scapolite  is  the  best  spectral  match  to  the 
low  resolution  martian  data,  higher  spectral  resolution  was  required  to 
unambiguously  identify  the  mineral.  The  scapolite  2. 36 -pm  band  can  be 
resolved  into  at  least  4 main  absorptions,  and  an  additional  5 weaker  bands 
at  0.005-pm  resolution  (Figure  1).  The  number  and  relative  intensity  of 
the  absorptions  depends  on  the  scapolite  composition. 


During  the  period  August  26  to  30,  1988  (UT) , we  obtained  spatially 
resolved,  high  resolution  spectra  of  Mars  using  the  Cooled  Grating  Array 
Spectrometer  (CGAS)  instrument  on  the  NASA  Infrared  Telescope  Facility 
(IRTF).  The  CGAS  spectrometer  has  30  good  detectors  and  a grating  that 
gives  a spectral  resolution  of  about  0.004  pm  was  purchased  and  integrated 
into  the  instrument.  This  grating  has  enough  resolution  to  resolve  the 
important  fine  structure  in  the  spectra  of  all  the  minerals  in  the  USGS 
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spectral  library. 

The  observing  run  occurred  during  excellent  weather  and  spectra  were 
obtained  with  a 2.7-arc-second  aperture  (-850  km  diameter  spot)  for  over  30 
selected  martian  areas.  A spectral  map  of  the  disk  was  obtained  as  well, 
including  Syrtis  Major,  Arabia  and  Meridiani  Sinus.  This  map  is  a 16  by  16 
pixel  grid  with  54  wavelengths  measured  from  2.07  to  2.46  pm  for  every 
pixel . 

The  spectra  of  Mars  from  CGAS  show  the  2.36-/*m  band  and  its  position, 
width  and  depth  agree  with  the  earlier  low  spectral  resolution  data.  How- 
ever, the  CGAS  data  show  that  the  band  has  significant  fine  structure, 
being  composed  of  4 to  7 narrow  bands  as  shown  in  Figure  1 . 

We  conducted  a study  to  determine  whether  there  was  any  contribution 
by  martian  atmospheric  bands.  Carbon  monoxide  absorbs  in  the  2.33-pm 
region,  and  synthetic  models  of  the  CO  spectrum  of  Mars  indicate  absorption 
of  about  1%  in  the  2.31  to  2.34-pm  region,  only  about  0.5%  absorption  m 
the  2.34  to  2.39-pm  region,  and  essentially  no  absorption  at  other 
wavelengths  observed  with  the  CGAS  instrument.  The  weak  CO  absorption  con- 
trasts to  observed  absorption  at  2.34  pm  as  high  as  3.7%.  The  weak  CO  was 
removed  from  the  Mars  data  and  sample  spectra  are  compared  to  representa- 
tive spectra  of  scapolites  in  Figure  1 . 

Terrestrial  scapolites  cover  a complicated  compositional  range  between 
two  theoretical  end-members: 

marialite  (Na.K^fAl^SigC^] (C1,F,0H) 
and  meionite  Ca^fAlgSi^O^^] (CO^ , SO^) . 

This  framework  silicate  has  a structure  that  consists  of  four  ring-like 
groups  of  (Si , Al) -0  tetrahedra  linked  together  to  form  chains  parallel  to 
the  z-axis.  The  chains  are  in  turn  linked  to  other  tetrahedra- ring  chains 
to  form  an  open  framework  of  cavities,  the  larger  of  which  are  occupie  y 
Na  and  Ca  ions,  and  the  smaller  of  which  are  occupied  by  Cl , F,  OH,  C03  and 

SO,  ions  (Deer,  Howie,  and  Zussman,  1966) . 

4 

The  absorptions  in  the  spectra  of  scapolite  in  the  2.3-/im  region  are 
due  to  bicarbonate  and  bisulfate  ions  in  the  scapolite  (Swayze  etal 
1989,  JGR,  submitted).  The  bands  near  2.39  and  2.41  fim  are  due  to  bisu  - 
fate  and  those  near  2.33  and  2.36  pm  are  due  to  bicarbonate.  Thus  for  the 
two  areas  shown  in  Figure  1,  the  scapolites  in  Hellas  are  more  sulfate  rich 
than  are  those  in  Eden. 

Scapolites  can  store  as  much  as  6 weight  percent  carbonate  or  5 weight 
percent  sulfate  (though  not  as  much  simultaneously).  Thus  if  there  are  a 
few  hundred  meter  thick  deposits  of  scapolite,  globally  averaged  on  Mars, 
it  is  possible  to  store  bars  of  carbon  dioxide,  possibly  explaining  the 
residing  place  of  an  ancient  thick  martian  atmosphere  and  the  evidence  of 
flowing  water  on  the  surface. 


265 


Figure  1.  The  complicated  absorption  bands  of  mizzonitic  scapolites  are 
compared  to  spectra  of  Mars.  The  relative  band  intensities  and  in  some 
cases  the  apparent  band  position  vary  with  scapolite  composition.  The  con- 
tribution of  atmospheric  CO  has  been  removed  from  the  Mars  data,  but  the 
removal  produces  small  artifacts  at  2.31  and  2.35  pm  because  the  wings  of 
the  CO  band  did  not  match  Mars  perfectly. 
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Mid-Infrared  (2. 1-25.0  jum)  Spectroscopic  Studies 

John  W.  Salisbury,  U.S.  Geological  Survey,  Reston,  VA  22092 

Mineral  Spectra:  The  first  edition  of  a spectral  library  for  minerals  has 

been  completed  (Salisbury  et  al.  1987),  and  measurements  for  a second 
edition  are  underway.  This  digital  spectral  library  is  unique  in  that  each 
mineral  sample  is  carefully  characterized  and  the  nature  and  extent  of 
characterization  procedures  is  documented.  Also,  data  are  presented  in 
transmi ttance , as  well  as  in  biconical  reflectance  for  different  particle 
size  ranges,  and  are  available  in  digital  form  from  the  Principal 
Investigator . 

Of  particular  interest  for  remote  sensing  of  planetary  surfaces  are  the 
spectra  of  fine  particulate  materials.  These  data  document  the  occurrence 
of  two  spectral  features,  transparency  peaks  and  Christiansen  frequency 
minima,  that  promise  to  be  very  important  in  interpretation  of  emittance 
spectra  of  fine  particulate  regoliths. 

Transparency  peaks  occur  in  a region  of  relatively  low  absorption  between 
the  fundamental  Si-0  stretching  and  bending  modes.  In  this  wavelength 
region,  fine  particles  are  optically  thin  and  photons  undergo  volume 
scattering  that  results  in  a reflectance  maximum.  This  spectral  feature 
often  is  more  prominent  than  the  fundamental  vibration  bands  for  fine 
particle  size  materials. 

Another  spectral  feature  that  is  prominent  in  spectra  of  fine  particulates 
occurs  at  the  principal  Christiansen  frequency.  This  is  a reflectance 
minimum  that  occurs  because  the  real  part  of  the  refractive  index  undergoes 
rapid  changes  (anomalous  dispersion)  at  a slightly  shorter  wavelength  than 
the  most  intense  molecular  vibration  band.  , Consequently,  the  refractive 
index  approaches  1,  resulting  in  a minimum  of  scattering,  at  a wavelength 
where  absorption  is  still  relatively  low.  With  little  scattering  and  low 
absorption,  infrared  radiation  can  penetrate  a sample  relatively  easily, 
resulting  in  a minimum  in  reflectance  or  a maximum  in  emittance. 

Both  of  these  spectral  features  shift  wavelength  positions  in  conjunction 
with  the  fundamental  molecular  vibration  bands.  Thus,  they  can  be  used  as 
indirect  indicators  of  mineral  or  rock  composition  (Salisbury  and  Walter, 
1989). 

Rock  Library.  A suite  of  38  igneous  rocks  covering  the  full  range  of 
felsic  to  ultramafic  rock  types,  and  including  coarse-grained,  fine-grained 
and  glassy  varieties,  has  been  carefully  characterized  both  mineralogically 
and  chemically.  Directional  hemispherical  spectral  reflectance 
measurements  have  been  made  of  both  solid  and  finely  particulate  samples  of 
each  rock  (Salisbury  et  al , 1988). 

Spectra  of  solid  samples  are  most  applicable  to  terrestrial  remote  sensing 
applications,  in  which  rock  outcrops  are  the  principal  targets.  Although 
high  resolution  spectra  are  required  to  decipher  mineralogy,  planned 
terrestrial  remote  sensing  systems  use  a broad-band  multispectral  approach 
to  distinguish  different  rock  types.  Consequently,  our  first  use  of  the 
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solid  sample  spectra  was  to  assess  the  effect  of  variations  in  location, 
number  and  width  of  spectral  bands  in  discriminating  different  rock 
types.  Although  the  best  results  are  always  obtained  with  the  highest 
resolution,  we  found  that  surprisingly  accurate  spectral  identification  of 
fresh  igneous  rocks  can  be  accomplished  with  relatively  few  and  relatively 
wide  bands,  because  the  overall  envelope  of  aggregate  mineral  absorption 
bands  yields  diagnostic  information  on  rock  type  (Walter  and  Salisbury, 
1989).  This  permits  design  of  multispectral  scanners  with  broad  bands’and 
correspondingly  higher  signal-to-noise,  which  can  be  traded  off  against  the 
important  requirement  for  higher  spatial  resolution. 

Meteorite  Library.  Bidirectional  (actually  biconical)  spectral 
measurements  of  39  chondrite  and  achondrite  samples  have  been  made.  These 
measurements  of  powdered  samples  show  systematic  variations  of  Christiansen 
frequency  and  transparency  peaks  with  meteorite  class.  However,  as 
discussed  in  the  next  section  on  instrumentation,  biconical  measurements 
cannot  be  used  to  quantitatively  predict  emittance.  Yet,  most  of  our 
meteorite  samples  are  too  small  to  be  used  in  the  directional  hemispherical 
reflectance  attachment.  During  the  past  six  months  we  have  documented  the 
spectral  effects  of  viewing  geometry  and  will  now  be  able  to  publish  these 
data.  Early  publication  is  important  in  view  of  the  Russian  intent  to  fly 
a thermal  infrared  spectrometer  on  the  Vesta  probe. 

A second  interesting  result  from  initial  studies  of  meteorite  spectra 
concerns  weathering  and  hydrocarbon  contamination.  Earlier  work  showed  a 
correspondence  between  a "reddness  index"  and  the  depth  of  the  water  band 
near  3 ^m  in  chondrites  (Salisbury  and  Hunt,  1974),  which  suggested  that 
even  fairly  carefully  preserved  "falls"  could  be  affected  by  limonitic 
weathering.  In  the  case  of  the  meteorites  measured  here,  chemical  analyses 
by  Dr.  Eugene  Jarosewich  of  the  Smithsonian  National  Museum  of  Natural 
History  provided  data  on  total  water  content  of  each  meteorite.  We  have 
found  excellent  agreement  between  water  content,  band  depth  and  reddness 
index,  suggesting  limonitic  weathering  as  the  source  of  the  HpO  in  these 
analyses.  In  addition,  however,  unexpected  hydrocarbon  bands  have  been 
found  in  spectra  of  the  ordinary  chondrites  and  achondrites,  which  shows 
that  hydrocarbon  contamination  has  also  taken  place. 

Instrumentation  Development.  During  the  past  two  years  we  have  developed 
both  a directional  hemispherical  reflectance  attachment  for  the  laboratory 
spectrometer  and  a field  portable  spectrometer  for  measuring  spectral 
emittance  directly. 

Development  of  a direction  hemispherical  reflectance  attachment  was 
necessary  because  all  commercially  available  reflectance  attachments  are 
biconical.  However,  a quantitative  prediction  of  band  strength  and 
position  by  Kirchhoffs'  Law  (E-1-R),  requires  directional  hemispherical 
reflectance  (Nicodemus,  1965).  In  addition,  there  are  environmental  factors 
that  may  cause  emittance  spectra  to  depart  from  perfect  Kirchhoffian 
behavior,  but  those  factors  can  only  be  evaluated  properly  with  good 
hemispherical  data,  as  we  have  done  with  the  effect  of  a vacuum  environment 
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(Salisbury  and  Walter,  1989).  Thus,  the  construction  and  calibration  of  a 
hemispherical  reflectance  attachment  has  been  a significant  step  in  this 
research  program. 

Another  significant  step  has  been  the  development  under  contract  («ith  non- 
NASA  funds)  of  a field  spectrometer.  This  instrument,  now  fully  tested  a 
calibrated,  will  make  possible  direct  measurements  of  spectral  emittance  to 
answer  crucial  questions  about  the  effects  of  different  environmental 
factors  on  spectral  behavior. 

Cooperation  With  Other  Investigators.  To  date,  the  laboratory  spectrometer 
Sateen  used  to  measure  the  sgectFil  reflectance  of  various  asteroida  and 
planetary  analogue  materials  in  cooperation  with  Dale  Cruikshank  (then) 
the  University  of  Hawaii  and  Tom  Jones  of  the  Lunar  and  Planetary 
Laboratory  at  the  University  of  Arizona.  Early  results  of  Chrl^n^"  fc 
frequency  measurements  on  spectra  of  igneous  rock  powders  have  been  sent  to 
Am^Tyler  of  the  University  of  Arizona  for  application  to  her  ground-based 
measurements  of  Mercury,  and  to  Paul  Lucey  of  the  University  of  Hawaii  for 
application  to  his  similar  lunar  measurements.  Spectral  measurements 
shocked  minerals  and  rocks  have  been  made  in  cooperation  with  Jim  Garvin  o 
Goddard  Space  Flight  Center.  Mineral  and  rock  samples  have  been  measure  y 
us  in  directional  hemispherical  reflectance  and  by  Gordon  Hoover  of  JPL  in 
emittance  to  explore  the  effects  of  background  radiance  on  apparent 
spectral  emittance.  Preliminary  findings  are  that  spectral  contrast  can  be 
reduced  by  as  much  as  50$  when  warm  objects  are  in  the  target  s field 
view,  even  under  clear  sky  conditions. 
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OF  ACTIVOl  TTF^t^m7108,0^  ™E  10  ABSORPTION  BAND  IN  REFLECTANCE  SPECTRA 
Providence  RI,  02912.  * M'  P'eterS'  S'  F'  Pral1,  De>n-  Gco1'  Sci-  Box  1X46.  Brown  University, 

7-  -w-  or  „m. 

ton“r«'Po2ri'.nddo.‘m“8'1’  f *b?n>“n  *””ds  ca",ed  **  process,  utSTirilh 

playing  solid  soluiion  between*  Fc^clTaTd^Mgoich’eLmm^  “ °H"*  Mineral  8rouPs 

r£,  ss;  TSid?rs~  °;  - rSir cT™  ^ ^ 

of  this  investigation  is  to  examine  the  relaiinnchm  of  •*•  F r , centered  near  1.0  fim.  The  purpose 

Sources  of  AhsornUnn.  Kc  aSSu  c postfon  of  this  absorption  to  chemical  composition. 

rrfr^aiTo^shaip^sorpUorr  bimdT  superb^^ 

as  d-d  fr1- s^tixrr 

Uona]  overtones  of  OH'.  H ociween  z.J  and  2.5  pm  are  due  to  v]bra- 

1 ind^LTIheTys^TeW  TtaMizrurilg^^CFTE^tS  MM^TT  ***?**  °fRaCtin°lite  shown  in  FiSure 

trends  in  the  1.0  and  2.0  pm  bands  of  pyroxenes  21  it  s hv^h,  ( Ir  f By  analogy  with  studies  of 

nolite  is  associated  with  the  proportion  of  Fe  to  Me  and  Cn  S1ZC  |3t  ^ P°sltl0n  Bie  1.0  pm  band  in  acti- 

of  F«.Mg-M„  amphiboles  ££?%£  * »«7 

Mossbauer  spectroscopy  that  the  auadrannle  cnlimno  u w/1\  jLroscoPlcs-  Goldman  (10)  showed  with 
Fc/lFe+Mg)  ratios  while  optical  absorption  measurement  by  IW  “)  LZwlTZ!  ■C"?1 '*?“  wi'h 

sas  mo" 

3SS££L£:  ™rrplrrrr:^ 

S*S4  t - 

and  glue.  Variations  in  thin  section  samole  thirlcnncc  k u 1Ca  P10^11165  °f  lhe  ihin  section  glass 

pm  absorption  bands  f„,  L ZTn  i , “1“  in  ^ °f  ““  '•»  ^ ™ 

an  electron  mtcroprobe.  P 3'6'  Chemical  shown  in  Table  1 were  obtained  with 

Discussion  Variations  of  the  1.0  pm  band  minimum  relative  to  the  Mg/fMg-t-Fe+Ca)  ratio  IMo*!  u 
Figure  2 . If  the  hypothesis  that  the  ratio  of  Fe  to  Mg  and  Ca  controls  the  TFSF  f m nx/<\  S ) are  shown  in 
position  of  the  1.0  pm  band  minimum  is  true  then  an^nv  controls  the  CFSE  of  the  M(<*)  site,  and  therefore  the 

expected.  Although  the  data  shown  in  Fieure  2 ind  eat  7k  ^c  ^tlonsh,P  bctwecn  Mg*  and  band  minimum  would  be 
trend.  This  is  not 'an  unexpected^ ^r«uh  relatio-h’P'  it  is  not  a clear 

amphiboles  in  general,  occurs  for  a wide  variety  of  cations  ^Th^r  tremoIlt^"aclinollte  mineral  series,  and  in 

absorption  band  position  and  Me*  althoueh  morp  Hat  i omplexity  precludes  a simple  relationship  between 

its pectr  of  the  c.L  ^plTle  L^e'eZ.  ^e  t'^T',  l°WeV“  ' ™P«»» 

pm  b»d  in  actmolite  become,  much  te  L the  Z*  dlj^  o T ' r'"°“ly  acdu‘re<l  ttau.  The  1.0 

sites  dominate.  Also  if  there  is  sufficienr  r3  , ? decreases  and  absorptions  due  to  Fe  in  the  M(l,2  3) 

1.0  and  2.4  pm  ^ ['  thC  M(4)  SilC  (i  e’  2 0 '°os/unu  structure),  die 

a low  Fe  amphibole  with  less  that  2 0 ^ i * SpectTa'  Therefore  1,16  Presence  of  these  absorptions  is  indicative  of 
and  2.4  pm  ££? in^ ^ ^ «d  «>f  the  1 0 

since  the  distortion  of  the  amphibole  M(4)  site  is  similar  to  the^mTi  ° ^ + absorpt,°ns  m hlgh-Ca  pyroxenes 

amphibole  bands  more  widely  separated  but  the  amnhiholec  l . T Pyroxenes-  However,  not  only  are  the 
tween  2.3  and  2.5  pm.  Given  broad  ^ alS°  exh>blt  diagnostic  hydroxyl  bands  at  1.4  and  be- 

distinguished  from  calcic  amphibole  TOH-  ha  ri  d h'8!!  SpeCtra  resolutl°n-  high-ca  pyroxene  should  be  readily 
mineral  assignment.  ? baildS  dU£  ‘°  0ther  m‘neraIs  or  alteration  d°  not  interfere  with  the  exac't 

N AG W-748d " Thanks  to^DevIne^f  °btfln?d.  Wllb  RELAB-  a multi-user  facility  supported  by  NASA  under  grant 
NAGW-1 1 18.  taming  the  microprobe  measurements.  Research  supported  by  NASA  grant 
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Figure  1.  Bidirectional  reflectance  spectra  of  actinolite  samples.  Chemical  compositions  are  given  in  Table  1 where 
the  number  of  the  spectrum  corresponds  to  the  chemical  analysis  number.  Spectra  1 and  2 are  from  bulk  pow  ers 
while  spectra  3-6  are  from  thin  sections  using  a method  disenbed  in  text. 


Table  1.  Microprobe  Compostion  of  Actinolite 


1 

2 

3 

4 

5 

6 

Si02 

56.45 

56.54 

56.04 

55.61 

57.05 

56.12 

A1203 

1.50 

1.91 

1.16 

0.40 

0.45 

0.30 

MgO 

22.00 

22.10 

21.10 

18.97 

22.61 

21.78 

NaO 

0.08 

0.37 

0.55 

0.09 

0.07 

0.15 

TiO 

0.02 

0.09 

0.02 

0.02 

0.02 

0.00 

CaO 

11.90 

12.21 

11.97 

12.77 

11.58 

12.26 

k2o 

0.04 

0.02 

0.04 

0.02 

0.01 

0.02 

FeOt 

5.38 

4.83 

6.28 

8.93 

5.55 

5.93 

MnO 

0.29 

0.15 

0.32 

0.14 

0.22 

0.24 

Cr2°3 

0.24 

0.06 

0.07 

0.17 

0.03 

0.01 

Cl 

0.00 

0.00 

0.00 

0.01 

0.01 

0.00 

Total 

97.91 

98.27 

97.56 

97.11 

97.60 

96.78 

t Total  Fe  given 

in  FeO 

Mg* 

0.655 

0.658 

0.635 

0.57 

0.664 

0.643 

Mg*=  Mg/(Mg+Fe+Ca) 

1.0  fim 

0.995 

0.985 

1.0 

1.01 

0.955 

0.975 

minimum 


Mg/(Co  + Mg  + Fe) 

Figure  2.  1.0  jim  absorption  band  minimum  as  a 
function  of  Mg/(Mg+Fe+Ca)  ratio.  Numbers 
correspond  with  numbered  spectra  shown  in 
Figure  1 and  chemical  analyses  in  Table  1 
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MATHEMATICAL  DECONVOLUTION  OF  MINERAL  ABSORPTION  BANDS.  Jessica  M. 
Sunshine,  Carle  M.  Pieters  and  Stephen  F.  Pratt,  Dept,  of  Geological  Sciences,  Brown  Univ„  Providence,  RI  02912. 

At  visible  and  near-infrared  wavelengths,  spectra  of  geologic  surfaces  contain  absorption  features  that  are 
composed  of  absorption  bands.  The  strength  and  energy  of  these  absorption  bands  are  determined  by  the  composition 
and  structure  of  the  absorbing  species  and  thus  represent  mineralogical  signatures.  However,  spectra  from  natural 
surfaces  arc  rarely  mono-mineralic  and  therefore  contain  combined  signatures  from  the  absorption  bands  of  each 
mineral  present.  It  is  a non  trivial  problem  to  deconvolve  these  composite  signals  to  reveal  the  mineralogy  of  the 
target  surface.  Currently,  most  successful  approaches  require  the  acquisition  of  endmember  spectra  as  well  as  an 
accurate  mixing  model  [1],  However,  the  development  of  a consistent  and  objective  approach  to  the  classification  of 
individual  absorption  features  in  spectra  would  allow  for  the  independent  identification  and  measurement  of  mineral 
species.  The  method  pursued  here  is  to  represent  the  underlying  absorption  bands  as  discrete  mathematical 
distributions  and  to  then  deconvolve  the  spectra  using  a least-squares  fitting  procedure. 

Gaussian  Model.  Early  work  tested  the  practicality  of  using  Gaussian  distributions,  as  was  done  by  many 
previous  investigators  [2-6],  Mathematically,  a Gaussian  distribution  is  described  in  terms  of  its  center  energy,  u,  its 
half-width,  o,  and  its  strength,  s,  as  g(x)  = sexp{-(x-p)2/  2o2}.  Although  an  efficient  non-linear  least-squares’ fitting 
routine  was  developed  [7],  the  Gaussian  analysis  proved  to  be  inappropriate  for  deconvolving  pyroxene  spectra.  It  is 
possible  to  fit  pyroxene  spectra  using  Gaussians;  however,  the  Gaussian  distributions  neither  correlate  to  known 
absorption  bands  nor  produce  unique  solutions.  For  example,  the  two  well  known  pyroxene  absorption  features,  at 
approximately  1.0  and  2.0  pm,  each  require  two  Gaussian  distributions  to  produce  an  acceptable  fit  (Figure  la) 
Yet,  each  of  these  features  is  thought  to  be  dominated  by  a single  absorption  band.  The  more  complex  olivine 
spectrum  can  easily  be  fit  with  Gaussian  distributions  (Figure  lb).  However,  because  its  1.0  pm  feature  results  from 
three  separate  absorption  bands  [8],  overlapping  distributions  are  required,  allowing  for  an  an  over-abundance  of  free 

parameters.  Fitting  the  olivine  absorption  feature  becomes  an  over-constrained  problem;  olivine,  therefore  does  not 
provide  a good  test  of  the  model. 


Modified  Distribution  Model.  Since  the  Gaussian  distribution  does  not  provide  an  accurate  description  of 
the  election  transition  absorption  bands  found  in  pyroxene  spectra,  additional  models  have  been  explored  to  determine 
if  a mathematical  function  that  models  such  absorption  bands  exists.  The  symmetry  of  the  Gaussian  distribution  can 
be  modified  by  changing  the  exponent  of  (x"-pn),  to  create  modified  distributions  of  the  form  g(x)  = s exp(-(xn-pn)2 
/2a  ).  In  order  to  determine  the  best  value  of  the  exponent  n,  the  0.9  pm  orthopyroxene  feature  in  both  the  B- 
transmission  and  reflectance  spectra  was  fit.  This  absorption  band  was  chosen  because  it  is  presumed  to  arise  from  a 
single  absorption  site.  Experimenting  with  several  different  values  of  n,  the  RMS  error  of  the  fit  to  this  pyroxene 
band  was  determined  using  a single  modified  distribution.  As  seen  in  Figures  2ab.both  the  transmission  and 
reflectance  features  appear  to  be  best  fit  with  modified  distributions  having  n - -1.0.  Furthermore,  the  difference 
between  the  RMS  error  of  the  true  minimum  value  of  n and  n = -1.0  is  negligible.  (It  should  be  noted  that  the 
unmodified  Gaussian  model  corresponds  to  n = 1.0  and  that  n = 0.0  is  a discontinuity  corresponding  to  a straight 
line.)  As  seen  in  Figure  3a,  modeling  the  orthopyroxene  spectrum  with  modified  distributions  of  the  form  g(x)  = 
S*eXP.  . X ’M-  ) /2a  ) produces  an  excellent  fit  to  the  data  and  requires  only  one  distribution  per  absorption  band.  Not 
surprisingly,  the  olivine  spectrum  is  also  easily  fit  with  modified  distributions  (Figure  3b).  Yet  as  can  be  seen  bv 
comparing  the  Gaussian  and  modified  deconvolutions  of  the  olivine  reflectance  spectrum,  the  two  methods  arc  not 
consistent  in  their  assignment  of  absorption  bands  to  the  1.0  pm  feature.  Based  on  analysis  of  the  features  in 
pyroxene  spectra,  one  must  conclude  that  the  results  from  the  modified  model  are  more  reasonable. 

Discussion.  The  ability  of  this  modified  analytical  procedure  to  precisely  describe  the  electron  transition 
absorption  bands  in  pyroxene  spectra  with  a single  distribution  represents  a significant  improvement  over  the 
Gaussian  analysis  technique.  The  extraction  of  mineralogical  information  from  a spectrum  of  a mixture  is 
considerably  simplified  with  this  approach.  We  have  been  able  to  readily  identify  pyroxene  endmembers  by  using 

tSr^,qUrn  Pyr0FXr  miXtUrefSpCCtra-  Furthermore.  sin<*  the  band  center  and  strength  of  the  absorption  band 

lghly  ‘ndicatlve  of  the  nature  of  the  absorption  site,  it  is  of  the  utmost  importance  that  the  correct  deconvolution 
ec  nique  be  used  to  determine  the  nature  of  absorption  in  crystals.  We  recommend  that  the  modified  distribution 
model  described  here  be  the  analytical  method  of  choice  to  characterize  electron  transition  bands. 

spectra^  A°irrenfetmentS’  7*  W‘Sh  k Ge°rge  Rossman  for  Sener°usly  providing  the  pyroxene  transmission 

A l rene"tance  ****  were  obtained  using  RELAB,  a multi-user  facility  supported  by  NASA  grant  NAGW- 
748.  The  financial  support  for  this  research,  NASA  grant  NAGW-28,  is  also  greatly  appreciated. 
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Figure  1.  Bidirectional  reflectance  spectrum  of  (a)  Wcbs.eri.e  orthopyroxene  and  (b) 

spectra,  the  individual  Gaussian  distributions  that  comprise  the  fils  and  the  res.dual  error  of  these  fus  (offset  10% 
clarity). 
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Figure  2.  RMS  residual  error  in  the  fit  of  modified  distributions  to  the  0.9  pm  absorption  bands  in  or  opyroxene 
spectra,  (a)  P -transmission  spectrum  of  Bamble  enstatite  and  (b)  reflectance  spectrum  of  Webstente.  n = -1.0  appears 
to  produce  the  best  fit. 


Figure  3.  Bid.rectional  reflectance  spectrum  of  (a)  Websterite  orthopyroxene  and  (b)  olivine.  (Bottom . to * »P)- 
spectra,  the  individual  modified  distributions  that  comprise  the  fits  and  the  residual  error  of  these  i 

clarity). 
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THE  Fe-Al  RELATION  OF  LUNAR  SOILS  AND  ORRTTA!  phpm t p a i hata* 
pM^LICATI0NS  F0R/1  ABUNDANCES  ESTIMATED  FROM  APOLLO  ORBITAL  GAMMA-RAY  DATA. 
P.D.  Spud  1 s,  P.A.  Davis,  and  B.  Pattanaborwornsak*,  U.S.  Geological  Survey 
Flagstaff,  AZ  86001.  *NASA  PGGURP  Summer  Intern.  9 burvey, 

Several  studies  have  noted  that  there  is  an  almost  perfect,  linear  inverse 
correlation  between  the  A1  and  Fe  concentrations  in  lunar  samples  [1,2].  This 
relation  has  been  informally  used  by  workers  attempting  to  estimate  regional 
A concentrations  from  orbital  gamma-ray  Fe  data  for  areas  of  the  Moon  where 
no  X-ray  A1  coverage  exists  [e.g.,  3].  In  this  study,  we  systematically 
examine  both  lunar  samples  and  orbital  data  (where  X-ray  and  gamma-ra^ 
coverage  overlap)  to  quantitatively  evaluate  the  Fe-Al  relation  and  apply 
these  results  to  the  complete  Apollo  Fe  gamma-ray  dataset.  Our  aims  are  both 
to  produce  a synthetic  A1  concentration  map  of  the  lunar  surface  from  the 
gamma-ray  Fe  data  and  to  refine  the  estimate  of  global  crustal  A1  abundance  as 
a possible  test  of  crustal  origin  mechanisms  [e.g.  4] 

reLat,LQn  - 1unaI  samP1es-  Because  the  orbital  sensors  flown  on  the 
2£t°LptLnai  spacecraft  analyzed  regolith,  we  have  restricted  our  sample 
to  lunar  soils  (all  published  data,  partly  summarized  in  [5])  and  two 
unar  meteorites  ALHA  81005  and  Y 791197  (both  regolith  breccias,  included 
because  they  appear  to  represent  portions  of  the  Moon  chemically  different 
from  the  Apollo  and  Luna  sites  [6]).  The  Fe-Al  relation  for  lunar  soils  is 
shown  in  Fig.  1;  the  near-perfect  inverse  relation  is  readily  apparent.  A 
linear  least-squares  fit  to  the  data  of  Fig.  1 gives  the  following  result- 

A1  (wt.%)  = -0.850  Fe  (wt.%)  + 17.4 
_ = 0.960 

Transformation^  of  the  data  into  semi-log  space  only  slightly  improves  the 

fn^  This"1  result  m’^  ^ f0r  thi.s  effopt.  we  Prefer  to  use  a simple  linear 
7^  / £1  may  be  comPared  wnh  the  previous  result  of  [2],  where  A1  = 

-0.746  Fe  16.0;  that  study  not  only  was  based  primarily  on  rock  data  (n=69 

arIa  ySESu  ’ but  U a1so  dell'berately  excluded  Apollo  16  samples 
that  fell  well  above  the  regression  line  [2].  Our  analysis  is  restricted  to 

databasiTn^d^^^H^/h6  °f  th°Se  analyzed  from  orbit>  includes  a larger 
tfdate  148  ’ d the  regression  llne  is  derived  from  all  samples  analyzed 

77^4^  and  gamma-ray  data.  We  have  analyzed  the 

available  Apollo  orbital  chemical  data  L/J  to  determine  the  Fe-Al  relation. 

Jjjf <-ana  ys\s  1S  based  on  the  9%  of  the  lunar  surface  covered  by  both  X-ray 
(A1/Si  ratio)  and  gamma-ray  (Fe)  data.  The  Al/Si  image  was  first  filtered  to 
an  effective  surface  resolution  of  about  100  km,  comparable  to  the  Fe  data 

JaluCenofr21  wt t ?■  concentratio"s  by  assuming  a constant  Si 

value  of  21  wt.%  [8]  (the  average  Si  content  of  lunar  soils  (mean  + one  sigma) 

atabfSe  !,s  l1'0?}  1 Each  P^el  value  in  the  resulting  A1 

(from  X-ray)  and  Fe  (from  gamma-ray)  images  are  plotted  in  Fig.  2.  The 
inverse  correlation  appears  to  be  not  as  "clean"  as  that  for  the  sample  data- 
however,  the  broad  trend  mimics  a linear  inverse  correlation.  The  best-fit 
line  for  these  data  is  as  follows: 

A1  (wt.%)  = -0.711  Fe  (wt.%)  + 15.7 
r = 0.555 

Numerous  subtrends  are  evident  in  this  plot  (Fig.  2),  similar  to  those  found 
in  our  previous  efforts  to  produce  petrologic  maps  of  the  Moon  [9,10]-  we 
believe  this  reflects  at  least  in  part  the  presence  of  unsampled  lunar 

annliPdtthrhtTaLCt0nitnbUtf  ^ mixin9  re1at1‘ons  on  the  lunar  surface.  We 
applied  the  best-fit  lines  derived  from  both  sample  and  orbital  data  analysis 
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to  make  synthetic  maps  of  A1  concentrations  for  areas  of  the  Moon  represented 
by  the  Apollo  gamma-ray  groundtracks.  These  results  were  then  compared  with 
the  original  A1  X-ray  map  both  to  estimate  the  magnitude  of  errors  and  to 
determine  where  the  best-fit  relations  do  not  hold  up. 

A1  concentrations  estimated  from  Apollo  orbital  Fe  data.  Using  the  best-fit 
line  determined  from  sample  data,  the  range  of  A1 concentrations  on  the  oon 
is  4.7  to  17.3  wt.%  with  a global  mean  of  12.1  ± 2.6  wt.%.  Comparable  results 
using  the  best-fit  equation  from  the  orbital  data  are  a range  of  5.1  to  15.6 
wt.%  and  a global  mean  of  11.3  ± 2.2  wt.%.  Comparison  of  the  two  synthetic  A1 
maps  with  the  X-ray  A1  map  of  the  eastern  limb  area  shows  that  mare  regions 
display  the  least  difference  between  the  two  datasets  (values  agree  within  2 
wt.%)-  greatest  differences  occur  in  some  highlands  regions,  particularly  the 
areas  around  the  Crisium  and  Smythii  basin  rims.  We  attribute  this  effect  as 
larqely  reflecting  the  fact  that  errors  associated  with  the  orbital  Fe  data 
are  lowest  where  Fe  concentrations  are  highest;  thus,  in  the  synthetic  A1  map, 
values  are  most  accurate  in  the  maria  and  less  so  in  highlands  regions.  We 
have  used  these  synthetic  A1  maps  to  estimate  the  average  A1  concentration  of 
only  highlands  areas;  results  indicate  average  A1  values  of  12.3  ± 1.6  wt.% 
(determined  from  orbital  data)  to  13.3  ± 1.9  wt.%  (determined  from  the  sample 
best-fit).  Our  previous  estimate  of  A1  in  the  highlands  [4],  kased  on 
petrologic  mapping  from  orbital  chemical  data  [9,10],  is  14.3  + 1.0  wt.o.  As 
previously  discussed  [4],  we  believe  these  values  suggest  that  the  lunar  crus 
is  too  aluminous  to  have  originated  purely  by  a "serial  magmatism  mechanism 
[e.g.,  11]  and  they  tend  to  support  models  calling  for  global  plagioclase 
fractionation  early  in  lunar  history  (recently  summarized  in  [12]). 
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C197.  [4]  Spudis,  P.-and  Da»is,  P.  (1986)  PLPSC  17,  JGR  91,  E84.  TO  Morn  s , 
R.  et  al.  (1983)  NASS  JSC  19069.  [6]  GRL  Special  issue  (1983)  10,  1.1* 

Jolla  Consortium  (1977)  PLSC  _8,  frontispiece.  [8]  Bielefeld,  M.  (1977)  PLSC 
8,  1131.  [9]  Davis,  P.  and  Spudis  P.  (1985)  PLPSC  15,  JGR  90,  D61.  [10]  Davi 
7.  and  Spudis,  P.  (1987)  PLPSC  17,  JGR  92,  E387.  til]  Walker,  D.  (1983)  PLPSC 
14,  JGR  88,  B17.  [12]  Warren  P.  (1985)  Ann.  Rev.  Earth  Planet.  Sci.  13,  201. 


Figure  1.  Fe-Al  relation  of  lunar 
soils.  Results  of  regression 
analysis  shown.  Source:  all 
published  chemical  data. 


Figure  2.  Pixel  plot  (1/4  degree) 
of  orbital  X-ray  (Al)  and  gamma-ray 
(Fe)  data  on  the  lunar  eastern 
limb.  Results  of  regression 
analysis  shown. 
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COMPOSITIONAL  STRATIGRAPHY  OF  THE  LUNAR  HIGHLAND  CRUST  Carle 
M.  Pieters,  Dept.  Geological  Sciences,  Brown  University,  Providence,  RI  02912 

The  global  properties  of  the  Moon  are  still  a mystery.  This  is  particularly  true  concerning  the 

i°f  the.crust  ' in.  both  honz°ntal  and  verucal  dimensions.  Nevertheless,  fundamental  questions 
about  the  early  evolution  of  the  Moon  depend  of  an  accurate  assessment  of  both  the  bulk  composition  as  well 

311(1  Sp3Uu  d,s|nbuUon  of  evolved  materials.  In  order  to  propose  answers  to  such  first  order 
fmmTlv  i rf  seien^sts.have,had  10  extrapolate  using  the  detailed  compositional  data  on  samples  collected 
from  only  a few  localized  geologic  terrains  and  on  limited  low  resolution  geochemical  data  (10-20%  of  the 

n^««rii°bt3ine^  fT*  °rbU  dunng.APoll0  15  and  16.  To  discuss  the  origin  and  evolution  of  the  Moon 
necessarily  requires  the  assumption  that  the  Apollo  and  Luna  sample  and  orbital  data  provide  sufficient  and 

32*  552“ modd  ““"sive  "n“p'ored  ree,oos  ™s  is  a S 

of  ”p™.?ne"  lunar  samPlf  fragments  have  blossomed  during  the  last  decade  and  have  presented 

h£h!lni  * , , cbalJenge.t0  Jf*  “Jy  conccPt  of  a Singular  global  differentiation  event  responsible  for 
highland  crustal  stratigraphy  (1,2, 3, 4).  Although  spatial  information  about  the  source  region  of  these 
valuable  samples  has  been  lost  during  the  subsequent  impact  record  (that  also  brought  them  to  the  sampling 
site),  the  growing  geochemical  statistics  argue  strongly  for  extensive  plutonic  activity  (of  varying 
compositions)  throughout  crustal  formation.  The  Moon,  of  course,  is  no  longer  pristine.  The  highland 
surface,  even  if  sampled  extensively,  consists  of  materials  brecciated  and  mixed  to  some  degree  by  more  than  4 
billion  years  of  impact  activity  of  all  scales  (5). 

The  spectral  reflectance  data  summarized  here  are  meant  to  remind  lunar  scientists  that  the  Apollo  and  Luna  data  are 
“!d  Sh,0uld  nev*r  be  assumed  l°  representative.  [In  a more  positive  tone,  we  are  now  exceptionally  wdU 
prepared  to  return  to  the  job  twenty  years  after  Apollo.]  The  basic  mineralogy  of  lunar  material  is  relatively  simple  with 
most  lunar  rock  types  composed  of  different  proportions  of  anhydrous  plagioclase,  low-Ca  pyroxene,  high-Ca  pyroxene 
°h,""i  "d  w».  Th,  radiogenic  and  die  me  .art,  e.emma  L‘addi.ion.1  mpo X di ££££532 
unusual  (.)  species  of  other  mmerals  concentrated  and/or  separated  during  differentiation  events.  In  spite  of  the  fact  that 
most  highland  samples  are  breccias,  the  primary  mineralogy  can  be  determined  using  near-infrared  spectral  reflectance 
measurements  (6,7,8).  Reflectance  spectra  of  lunar  mineral,  rock,  and  soil  samples  are  shown  in  Figures  land  2.  Diagnostic 
Sp?<f“  features  of  mafic  minerals  near  1pm  dominate  the  spectral  character  of  lunar  materials.  Although  significantly 
subdued,  the  weak  absorption  bands  observed  for  mature  lunar  soils  also  exhibit  features  diagnostic  of  their  bulk  mineralogy 

Examples  of  near-infrared  spectra  of  material  exposed  by  large  impact  craters  50  -120  km  in  diameter  are  shown  in 
igures  3 and  4.  The  ejecta  and  central  peaks  of  such  craters  probe  the  stratigraphy  of  the  crust  to  depths  near  15  km  (eg. 
).  The  strength  and  nature  of  diagnostic  features  evident  in  these  spectra  demonstrate  the  compositional  diversity  of  such 
deep-seated  materials:  the  central  peak  of  Petavius  is  a mountain  of  anorthosite  (<  5%  mafics);  that  of  Arzachel  is  noritic 
anorthosite  (plagioclase  + minor  lo-Ca  pyroxene);  of  Copernicus  is  troctolite  (ol  + plag);  of  Tycho  is  gabbro  (high-Ca 
pyroxene  + plag);  of  Bullialdus  is  norite  (plag  + lo-Ca  pyroxene).  The  spatial  distribution  of  material  excavated  by  such  large 
craters  provides  information  about  the  compositional  diversity  of  the  crust  with  depth.  Several  craters  have  been  studied 
extensively:  Aristarchus  (9),  Copernicus  (10).  Tycho  (1 1),  and  more  recently  Bullialdus  and  Langrenus.  The  mafic  mineral 
composition  of  crustal  stratigraphy  tapped  by  all  near-side  craters  measured  to  date  is  summarized  in  Figure  5 and  the 
accompanying  table  (band  strength  is  related  to  mafic  mineral  abundance  (eg.  8).  At  Bullialdus  an  unusual  three  unit 
stratigraphy  has  been  recognized  for  the  first  time  from  a concentric  patten  of  two  distinct  gabbroic  components  exposed 
throughout  the  nm  and  the  wall  (12). 

Observations  flnd  Conclusions.  The  range  of  geochemical  data  for  the  eastern  highland  crust  (sample 
analyses  as  well  as  remote  measurements  of  elemental  and  mineral  composition)  consistently  describe  the 
highland  crust  as  very  feldspathic  with  low-Ca  pyroxene  being  the  most  common  mafic  mineral.  These 
internally  consistent  data  for  the  eastern  crust  are  thus  normally  used  as  constraints  for  crustal  evolution. 
The  preponderance  of  gabbroic  lithologies  in  the  western  hemisphere  noted  above  (7,13),  however,  is  in  stark 
contrast  to  these  traditional  observations.  Recognition  first  of  the  gabbronorite  subdivision  of  pristine 
samples(14)  then  of  the  additional  range  of  pristine  compositions  sampled  at  Apollo  14,  which  clearly 
distinguish  them  from  the  eastern  groups  (15),  add  to  the  growing  evidence  indicating  the  evolution  of  the 
western  nearside  crust  must  have  been  distinctly  different  from  that  of  the  relatively  well-studied  east. 
Although  we  are  all  still  perhaps  like  the  blind  men  studying  the  elephant,  it  is  reassuring  that  the  remote 
observations  and  sample  analyses  seem  to  eventually  converge,  albeit  with  increasing  complexity.  A new  era 
of  detailed  exploration  of  the  Moon  will  inevitably  provide  the  planetary  science  community  a wealth  of 
answers,  questions,  and  important  surprises  about  the  Earth’s  nearest  neighbor.  We  may  learn  that  the  largest 
(Procellarum)  or  the  most  recent  (Orientale)  basin  forming  event  (5)  dominates  lunar  evolution  well  beyond 
expectations.  During  the  next  decade  it  is  anticipated  advanced  remote  sensors  will  give  us  the  first  fully 
global  assessment  of  this  beloved  ancient  beast  and  should  thus  bring  lunar  science  from  uncertain  adolescence 
to  the  first  stages  of  mature  activity. 
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Figure  1.  Reflectance  spectra  of 
mafic  mineral  separates.  Hi-Ca 
pyroxenes  have  band  centers  at 
longer  wavelengths  than  Lo-Ca. 
Figure  2.  Reflectance  spectra  of 
lunar  samples.  Absorption  features 
indicate  the  composition  of  mafic 
minerals  present,  even  in  soils  (R). 
Figure  3.  Scaled  reflectance  spectra 
(telescopic)  of  central  peaks  in  large 
impact  craters.  Diagnostic 
absorption  features  are  easily 
, identified  when  the  continuum  is 
removed  (right).  See  text  for 
composition  of  these  mountains. 
Figure  4.  Representative  spectra  for 
p*»  areas  in  Bullialdus  (61  km).  The 
^central  peaks  are  clearly  noritic,  but 
the  upper  crustal  units  contain  two 
types  of  gabbroic  material  deposited 
symmetrically  around  the  crater. 
Kigure  5.  Summary  of  lunar  crustal 
T*atratigraphy  using  large  impact 
craters  as  probes  into  the  upper  15 
km  of  lunar  ctusl 
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RESULTS  OF  A REMOTE  SENSING  ANALYSIS  OF 
THE  ALPHONSUS  CRATER  REGION 

77n^ft-  a®®andrJ  JJ*  Coombs,  SN  15  Johnson  Space  Center,  Houston  TX 
77058,  Bernard  Ray  Hawke,  Paul  G.  Lucey,  Planetary  Geosciences  Division 
Hawaii  Institute  of  Geophysics,  Honolulu,  HI  968227and  James  W.  Head  ’ 
Dept,  Geological  Sciences,  Brown  University,  Providence,  RI,  02912 

INTRODUCTION 

Alphonsus  crater,  located  on  the  central  lunar  nearside  fl3°S  4°W1 
has  long  been  a center  of  interest  and  controversy  amonTlunar  scTenhsTi’ 
This  pre-Imbrian  crater  is  1 18  km  in  diameter  The  fractoed  noor  of 

^ta^‘dnterPreted  t0,be  °f 
Alphonsns  hive  centered  around  theatre  T&S'&ffiSdS oT 

here  are  however,  several  other  unresolved  problems  associated  with 
Alphonsus.  These  include:  (1)  the  nature  and  ortgin  offte K XinTln 
*'cra'j  (2)  the  composition  of  the  localized  dark  mantle^eposits 

the  N S trending ^rtdge  olTe  "cratlr  Zr^ ^ <3)  ““  °rigin  °f 

variPh^nf1 n atte.mpt  to  address  the  above  questions,  we  have  conducted  a 

f aem°  6 sensing  and  geologic  investigations  of  the  region  This 
paper  is  a discussion  of  the  preliminary  results  of  this  effort.  g ' 

METHOD 

topogr^^ta0^^  S.’Sio” 

Also,  near-infrared  reflectance  SDectra  m fi  ,,  i T °*  the  fe&10n- 
geologic  units  within  Alphonsus  crated were ^coUected  riid' eiLZTd ’V 

gas SSZ  r,«a  srss  r^H£>frS 

surrounding  thilendogenic6 craters.^Ad^tiona^spectr^in  the°0*3Sb<l  ^nits 

tolcotirslof  this^udy^313'  b" Zi^  wafals^K^ 

RESULTS  AND  DISCUSSION 

,,  ^Phonsus  crater,  located  just  east  of  Mare  Nubium  in  the  western 

r k • than  3.85  b.y.  old,  and  contains  a central  neak  Th*> 

Imbrium  basin  impact  appears  to  have  had  an  effect  on  Alphonsus  as 
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evidenced  by  the  presence  of  Imbrium  sculpture  on  the  main  crater  rim. 
The  Imbrium  event  may  also  have  been  responsible  for  the  emplacement  of 
the  smooth  plains  deposits  on  the  floor  of  Alphonsus. 

After  the  Imbrium  event,  the  97-km-diameter  crater  Arzachel  formed 
south  of  Alphonsus.  Associated  with  the  formation  of  this  crater  was  the 
deposition  of  an  ejecta  blanket  on  the  southern  portion  of  the  Alphonsus 
floor.  Tectonic  reshuffling  then  ocurred  to  form  the  numerous  linear  rifles, 
or  graben,  that  are  located  about  the  perimeter  of  the  Alphonsus  crater 
floor.  Eleven  previously  identified  endogenic  dark-halo  craters  within  the 
crater  are  associated  with  these  linear  rilles.2'9-10-13  Studies  by  Head  and 
Wilson9-10  and  Hawke  et  al.13  have  suggested  that  these  deposits  are  basaltic 
in  composition  and  most  likely  were  emplaced  as  a result  of  individual 
vulcanian-type  eruptions  that  ocurred  along  the  floor- fractures.  In  these 
types  of  eruptions  gas  is  trapped  beneath  a cap-rock  or  plug-rock  at  the 
mouth  of  the  magma  conduit.  Once  sufficient  pressure  has  built  up, 
explosive  decompression  occurs  and  pyroclastic  material  is  deposited  about 
the  mouth  of  the  vent.  Generally,  these  vulcanian-type  eruptions  produce 
small  pyroclastic  mantling  deposits,  that  is,  the  material  remains  within  a 
few  kilometers  of  the  vent,  unlike  the  larger  regional  pyroclastic  deposits. 
These  larger  deposits  formed  as  a result  of  strombolian-type  eruptions  that 
deposited  material  over  thousands  of  square  kilometers.  During  the  course 
of  this  research,  a small  dark-haloed  impact  crater  was  identified  in  the 
southern  portion  of  Alphonsus  crater  floor,  bringing  the  total  number  oi 
Alphonsus  dark-haloed  craters  now  known  to  12.  Multispectral  images 
(0  40/0.56  pm,  0.56  pm,  0.95/0.56  pm)  exist  for  the  Alphonsus  region. 
The  localized  pyroclastic  deposits  (east  and  west  DHC  clusters)  in  the  floor 
of  the  Alphonsus  exhibit  low  0.40/0.56  |im  (red)  values  and  relatively  high 
0.95/0.56  pm  ratios.  The  "red"  Alphonsus  pyroclastics  have  0.40/0.56  pm 
values  similar  to  the  mare  basalt  deposits  in  nearby  Mare  Nubium. 

Near-infrared  reflectance  spectra  collected  for  these  localized 
pyroclastic  deposits  have  revealed  that  the  Alphonsus  pyroclastics  are  rich 
in  olivine  and  pyroxene.^  The  spectra  for  these  deposits  have  moderately 
deep  (5-7  %)  and  relatively  broad  asymmetrical  absorption  bands  in  the 
1.0  pm  region.  The  olivine  was  emplaced  with  the  juvenile  material. 
Lesser  amounts  of  fragmented  basaltic  plug-rock  and  highlands-rich  wall 
rock  are  thought  to  be  present  in  these  deposits.  These  deposits  belong  to 
the  Group  3 spectral  class  as  identified  by  Hawke  et  al.  , along  with  other 
similar  deposits  on  the  floor  of  J.  Herschel  and  in  the  Cruger  region. 

Spectra  collected  of  the  Alphonsus  central  peak  indicate  that  this 
feature  is  composed  of  anorthosite.  This  anorthosite  is  thought  to  have 
been  derived  from  an  anorthosite  layer  located  at  depth  below  the 
Alphonsus  target  site.  Other  highland  features  in  the  Alphonsus  region 
exhibit  a more  orthopyroxene-rich  composition.  The  spectra  for  these 
features  suggests  that  they  are  noritic.  The  walls  and  central  peak  of 
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Arzachel  crater,  located  directly  south  of  Alphonsus,  are  composed  of 
noritic  anorthosite.  Since  the  Arzachel  central  peak  was  derived  from 
alomost  as  great  a depth  (~10  km)  as  that  of  Alphonsus,  the  pure 
anorthosite  layer  may  not  be  presnt  beneath  Arzachel  crater.  Alternatively, 
anorthosite  may  exist  just  below  the  layer  sampled  by  the  Arzachel  peak. 
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^“46-km  diameter  crater,  located  at  17°S;  67°W,  is  a conspicuous  geologic  feature 
in  the  lunar  highlands  southwest  of  Oceanus  Procellarum.  Cruger  is  located  south  of  the 
Grimaldi  basin  and  near  the  contact  between  the  inner  and  outer  tote* * of  & 
Formation1,  a deposit  emplaced  during  the  formation  of  Orientale  basin.  Considerable 
controversy  has  stemmed  over  the  origin  of  Cruger  crater  as  well  as  the  other  geologic  units  in 

the  and  wushire  noted  that  Crflger  had  some  characteristics  in  common  with  a 

class  of  30  smooth-rimmed  craters  identified  on  the  lunar  near  side  by  Wilhelms  an 
McCauley4  These  workerS2-3.4  suggested  that  these  craters,  typified  by  Kopff  on  the  floor  of 
Oriental!  might  either  be  calderas  or  the  products  of  unusual  low-velocity  and/or  low-dens  y 
impacts  distLt  from  those  that  produced  the  rough  high-rimmed  craters  of  the  main 
ZSographic  sequence2  Whatever  the  origin  of  Cruger  crater,  the  geologic  maps  produced  by 
severaf workers1'2’3'4  indicate  that  Orientale  deposits  are  superposed  on  Cruger  crater  exte  o 
deposits.  However,  in  a recent  publication,  Wilhelms5  questioned  the  previously  determined 

age  XLdjr  include  the  following:  II  to  investigate  the  origin  of  Cruger 

crater  2)  to  determine  the  composition,  origin,  and  mode  of  emplacement  of  the  dark  man  e 
deposits  on  the  south  flank  of  Cruger.  3)  to  determine  the  composition  of  t',eJar^us  h f ^ 
units  in  the  region,  and  41  to  investigate  the  relationship  of  the  various  highlands  units 

Orientale  impact  event. 


METHOD  photographic  and  remote  sensing  data  was  utilized  to  address  the 

unanswered  questions  in  the  Cruger  region.  Seven  near-IR  spectra  (0.6-2  5 pm)  were  obtamed 
for  the  various  geologic  units  in  the  region  using  the  Planetary  Geosciences  Division  CVF 
spectrometer  at  the  UH  2.2-m  telescope  on  Mauna  Kea  (Fig.  1).  These  spectra  were  reduced, 
Pr?ess?d  and  analyzed  using  the  procedures,  techniques,  and  conventions  presented  by 
McCord  etal.6  and  McCord  and  Clark.7  In  addition,  the  3.8-cm  and  70-cm  radar  data  sets  of 
Zisk8  and  Thompson9  were  used  to  study  the  various  deposits  in  the  Cruger  region.  Finally.  t 
color-difference  photograph  of  UVhitaker  as  well  as  earth-based  and 

with  a wide  variety  of  viewing  geometries  and  sun  angles  were  studied  in  order  to  help  bette 
define  the  geologic  relationships  in  the  Cruger  crater  region. 

RESULTS  AND  DISCUSSION  Tn.,WQ 

All  of  the  highland  terrain  in  the  Cruger  region  appear  relatively  red  (low  UV/VIS 


281 


values)  In  the  color- difference  photograph  produced  by  Whitaker.10  In  contrast,  the  mare 
materials  in  the  region  are  relatively  "blue"  with  the  deoposits  within  Criiger  appearing 
slightly  bluer  than  others.  An  intermediate  T102  abundance  for  the  basaltic  fill  is  indicated. 

Two  near-IR  spectra  were  obtained  for  the  mare  deposits  within  Criiger.  Both  exhibit 
characteristics  typical  of  spectra  collected  for  mature  mare  deposits  elsewhere  on  the  lunar 
near  side.  They  have  "1  pm"  absorption  bands  centered  at  about  0.98  pm  which  indicates  that 
the  mafic  mineral  assemblage  is  dominated  by  high-Ca  clinopyroxene.1 1 Even  though  the 
deposit  is  relatively  small,  there  is  little  evidence  for  contamination  of  the  mare  surface  with 
highlands  debris.  This  may  be  in  part  due  to  the  relatively  young  Eratosthenian  age  of  this 
mare  deposit.  Wilshire3  noted  that  this  unit  exhibited  far  fewer  superposed  craters  than  mare 
material  assigned  to  the  Imbrium  System  in  adjacent  regions. 

A dark  mantle  deposit  which  has  a distinctly  lower  albedo  than  surrounding  material 
occurs  on  the  south  flank  of  Cruger  crater.3  This  unit  is  spectrally  distinct  in  the  color- 
difference  photograph;  it  is  much  bluer  than  the  adjacent  highlands.  Wilshire3  interpreted 
this  deposit  to  be  volcanic  material  of  probable  pyroclastic  origin.  This  interpretation  is 
supported  by  an  analysis  of  the  3.8-cm  radar  data  for  this  region.  There  is  a direct  correlation 
between  the  dark  mantle  and  an  area  of  very  low  radar  returns. 

Two  near-IR  spectra  were  obtained  for  this  dark  mantle  deposit.  Both  exhibit  broad, 
composite  "1  pm"  absorption  features  which  we  interpret  to  be  due  the  the  presence  of  an 
olivine-pyroxene  mixture.  These  spectra  are  similar  to  the  Group  3 spectra  or  localized 
pyroclastic  deposits  identified  by  Lucey  et  ai 12  Pyroclastic  glass  may  or  may  not  be  present. 
Although  no  obvious  volcanic  source  vents  are  visible  In  the  dark  mantled  area  this  does  not 
rule  out  a pyroclastic  origin.  We  suggest  that  this  dark  mantle  deposit  was  emplaced  by 
explosive  eruptions  during  an  early  phase  of  the  flooding  of  Cruger  crater  and  that  the  source 
vent  or  vents  were  subsequently  buried  by  mare  lava.  In  addition,  we  have  identified  a 
previously  unmapped  dark  mantle  deposit  NW  of  Cruger  crater  and  SW  of  Mare  Aestatis.  This 
thin  deposit  appears  to  have  been  erupted  from  a vent  in  the  southern-most  portion  of  Aestatis. 

Spectra  were  also  obtained  for  a variety  of  highlands  units  in  the  region.  The  spectrum 
for  the  west  rim  of  Cruger  exhibits  a veiy  shallow  "I  pm"  band  centered  at  0.93  pm.  The  spectral 
parameters  indicate  that  the  area  for  which  the  spectra  was  obtained  is  composed  of  noritic 
anorthosite.  It  appears  that  this  area  is  surfaced  with  material  emplaced  as  a result  of  the 
Orientale  impact  event.  The  spectrum  for  Darwin  C.  a relatively  fresh  16-km  impact  crater  SW 
of  Cruger  (~20°30'S;71°W).  has  a band  centered  at  0.92  pm.  Darwin  C also  exposes  a deposit 
composed  of  noritic  anorthosite.  Both  of  these  areas  have  a composition  very  similar  to  that 
determined  for  highlands  deposits  on  the  interior  of  Orientale  basin  by  Spudis  et  of13 
However,  the  spectrum  for  one  feature  in  the  Cruger  region  is  very  different.  The  Cruger  G 
crater  (diameter  = 8 km)  spectrum  exhibits  a "1  pm"  feature  centered  longward  of  0.95  pm.  A 
gabbroic  anorthosite  composition  is  indicated.  Cruger  G is  located  SW  of  Cruger  and  exposes 
material  from  beneath  the  Orientale  ejecta  deposit. 
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Figure  1.  Near- infrared  spectra  obtained  for  units  in  the  Cruger  region. 
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New  Arecibo  High-Resolution  Radar  Images  of  Venus: 

Interpretation 

D.B.  Campbell1,  A. A.  Hine2 , J.K.  Harmon2,  D. A.  Senske3 , R.W.  Vorder 
Bruegge3 , P.C.  Fisher3,  S.  Frank3,  and  J.W.  Head3  1)  National  Astronomy  and 
Ionosphere  Center,  Cornell  University,  Ithaca  NY  14853.  2)  National 

Astronomy  and  Ionosphere  Center,  Arecibo  Observatory,  Arecibo,  PR  00612.  3) 
Department  of  Geological  Sciences,  Brown  University,  Providence,  RI  02912. 

Introduction:  New  observations  of  Venus  with  the  Arecibo  radar 

(wavelength  12.6  cm)  in  the  summer  of  1988  will  provide  images  at  1.5 -2. 5 
km  resolution  over  the  longitude  range  260°  to  20°  in  the  latitude  bands 
12°N  to  70°N  and  12°S  to  70°S1.  We  have  made  a preliminary  analysis  of 
images  of  low  northern  and  southern  latitudes  including  Alpha  Regio , 
eastern  Beta  Regio,  and  dark-halo  features  in  the  lowland  plains  of 
Guinevere  Planitia.  Crater  distributions  and  the  locations  of  the  Venera  9 
and  10  landing  sites  are  also  examined. 

Alpha  Regio:  (5°,  25°S)  is  a 1000  x 1600  km  upland  region  located  south 

of  Pioneer-Venus  and  Venera  15/16  radar  image  coverage.  It  was  the  first 
area  of  anomalously  high  radar  return  discovered  in  the  early  1960 's  by 
Earth-based  radars  (hence  the  name).  Recent  comparisons  of  Pioneer-Venus 
altimetry,  reflectivity  and  r.m.s.  slope  data  with  different  terrain  types 
apparent  in  the  Venera  15/16  images  indicate  that  Alpha  Regio  has  many 
similarities  with  tessera2'6.  The  new  high  resolution  images  (Fig.  1)  show 
that  Alpha  itself  is  a region  of  high  radar  return  with  very  sharp 
boundaries  and  a distinctive  pattern  of  bright  and  dark  linear  bands  with 
separation  distances  of  10-15  km  and  oriented  approximately  NNE.  Two  other 
less  distinctive  patterns  of  lineaments  can  be  observed  and  are  scattered 
throughout  Alpha.  On  the  basis  of  the  linear  segments  and  their 
orientations  and  spacings,  the  local  plains  deposits,  and  the  distinctive 
structural  relations  of  its  boundaries,  the  Alpha  region  appears  to  be  very 
similar  to  the  tessera  terrain  (such  as  Tellus  Regio)  in  the  area  imaged  by 
Venera  15/163 . 

Eastern  Beta  Regio:  Located  on  the  eastern  flank  of  Beta  Regio  (293  , 

25°N) , is  a region  of  elevated  topography  described  as  an  upland  plateau7 . 
PV  radar  data  shows  this  feature  to  possess  properties  similar  to  that  of 
other  areas  mapped  as  tessera  (high  values  of  RMS  slope,  low  values  of 
reflectivity,  high  diffuse  scattering)  and  on  the  basis  of  these 
properties,  it  was  also  predicted  to  be  tessera  terrain  . Examination  of 
the  high  resolution  Arecibo  images  shows  this  feature  to  be  characterized 
by  a distinctive  pattern  of  parallel  closely  spaced  ridges  and  troughs 
oriented  generally  N-S,  spaced  approximately  5-10  km  apart,  a second 
orthogonally- oriented  fabric  of  less  abundant  but  more  through  going 
lineaments,  as  well  as  a third  set  of  northeast  trending  ridge  and  trough 
pairs.  These  characteristics  are  similar  to  those  in  Alpha  and  in  other 
regions  that  have  previously  been  interpreted  to  be  tessera  terrain3 . 
Radar-dark  material  possessing  characteristics  similar  to  units  mapped 
elsewhere  as  volcanic  plains  embays  the  tessera- like  unit  and  we  interpret 
this  relationship  to  indicate  the  relatively  old  age  of  the  tessera 
compared  to  the  dark  plains  in  the  surrounding  lowland. 

Dark  halo  features:  Extended,  quasi-circular  areas  of  low  backscatter 

cross  section  (dark  halos)  with  central  bright  spots  of  unknown  origin  and 
morphology  have  been  observed  in  early  earth-based  radar  images  of  Venus 
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and  Pioneer-Venus  images7*9.  The  new  images  cover  one  group  of  these  dark 
halos  in  the  area  between  longitudes  320°  and  340°  and  latitudes  15°N  and 


32°N.  Whether  the  low  backscatter  cross 
surface  or  low  intrinsic  reflectivity  is 


section  is  due  to  a very  smooth 
still  not  known  but  most  of  the 


bright  spots  are  resolved  as  craters  with  extended,  very  asymmetric  bright 
surrounds . This  is  not  a characteristic  of  the  craters  observed  at  higher 
latitudes  and  interpreted  to  be  of  impact  origin10,  and  suggests,  rather,  a 
volcanic  origin. 


Impact  Craters:  The  number  of  impact  craters  with  diameters  greater  than 
15  km  in  the  latitude  band  15°N  to  30°N  may  be  considerably  lower  than  the 
approximately  one  per  106km2  observed  at  higher  northern  latitudes  in  the 
Venera  15/16  images10.  A number  of  craters  are  apparent  in  the  new  images 
in  the  15°N  to  30°N  latitude  band  but  only  three  or  four  have 
characteristics  similar  to  what  one  would  expect  based  on  the  comparison  of 
high  incidence  angle  Arecibo  observations  of  craters  interpreted  to  be  of 
impact  origin  in  the  Venera  images.  The  remaining  craters  observed  are 
primarily  those  in  the  dark  halo  features . 


Venera  lander  sites:  Two  Venera  landers,  Veneras  9 and  10,  are  located 
within  the  region  imaged.  Venera  9,  which  landed  in  a region  of  steep 
slopes  later  known  to  be  rough  from  Pioneer-Venus  data11'13  is  located  in 
the  abundant  blocks  with  no  obvious  bedrock  exposures12*13.  The  blocky 
field  within  the  lander  image  may  be  related  to  the  linear  bright  scarp 
seen  in  the  Arecibo  image  and  an  area  of  associated  talus.  Venera  10  is 
located  near  the  edge  of  a radar -dark  plains  unit  between  two  blocks  of 
tessera- like  material.  The  lander  panorama  shows  the  spacecraft  to  be 
located  in  a flat  region  with  significant  bedrock  exposure,  some  thin  soil 
cover,  and  a plains -like  morphology12*13. 


References:  1)  D.  Campbell  et  al  (1989)  LPSCXX,  142.  2)  J.  Head  et  al 
(1985)  JGR,  90,  6873.  3)  A.  Basilevsky  et  al  (1986)  JGR,  91  D399.  4)  D 
Bindschadler  and  J.  Head  (1978)  LPSC  SVIII,  73.  5)  D.  Bindschadler  and  J. 
Head  (1988)  EMP , 42,  133.  6)  D.  Bindschadler  et  al  (1988)  LPSC  XIX,  80.  7) 
G.  Pettengill  et  al  (1979)  Science,  205,  90.  10)  A.  Basilevsky  et  al  (1987) 
JGR,  92,  12869.  11)  A.  Basilevsky  et  al  (1982)  EMP,  27,  63.  12)  C. 
Florensky  et  al  (1977)  GSA  Bull.,  88,  1537.  13)  J.  Garvin  et  al  (1984)  JGR 
89,  3381. 
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FIGURE  1 

Alpha  Regio  and  surroundings.  Area  covered  is  from  longitude  343  to  18 
and  latitude  45°S  to  10°S.  The  grid  lines  are  at  10  deg.  spacing  Pixel 
spacing  is  4km  in  this  image.  The  resolution  of  the  basic  data  is  1.5km. 
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MARTIAN  QUASI -SPECULAR  ECHOES:  PRELIMINARY  1986  RESULTS 
T.W.  Thompson,  Jet  Propulsion  Lab.,  C.I.T.,  Pasadena,  CA  91109 
H.J.  Moore,  U.  S.  Geological  Survey,  Menlo  Park,  CA  94025 

Radar  observations  of  Mars  at  Goldstone  in  1986  were  conducted  by 
transmitting  pure  sinusoidal  signals  with  12.6-cm  wavelengths  and  receiving 
the  Doppler-spread  signals  at  Earth.  Radar  transmissions  were  circularly 
polarized  and  the  radar  echoes  were  recorded  in  both  senses.  Thus,  radar 
echoes  from  Mars  were  separated  into  the  polarized  (OC,  opposite-sense 
circular)  and  the  depolarized  (SC,  same-sense  circular)  components.  Each 
polarized  echo  component  consists  of  two  parts:  (1)  a quasi-specular  echo  and 
(2)  a diffuse  echo.  Two  parameters  can  be  estimated  from  a quasi-specular 
echo:  (1)  root-mean-square  (rms)  slope  and  (2)  normal  reflectivity.  The  rms 
slope  is  a statistical  measure  of  surface  undulations  at  slope-lengths  larger 
than  the  radar  wavelength  and  is  roughly  equivalent  to  the  algebraic  standard 
deviation  of  a slope  probability  distribution.  Reflectivity  can  be 
interpreted  as  a relative  dielectric  constant.  The  bulk  density  of  the 
surface  materials  can,  in  turn,  be  inferred  from  the  dielectric  constant. 

For  the  latitude  band  of  3.1  to  13.9°S,  we  obtain  an  average  rms  slope  of 
4.31  with  a standard  deviation  of  2.16°.  The  mode  of  the  frequency 
distribution  is  near  3.5°  (Fig.l).  Our  average  rms  slope  is  larger  than  an 
average  rms  slope  along  about  22°N  (3.69±1.66°)  [1,2]  and  the  average  rms 
slope  farther  south  (2.0°)  [3].  Above  average  rms  slopes  are  typically  found 
between  110°  and  230°W  (Fig. 2).  Below  average  rms  slopes  are  typically  found 
between  230°  and  110°W.  The  roughest  areas  occur  west  and  southwest  of  Arsia 
Mons;  the  smoothest  areas  occur  near  the  central  meridian. 

We  obtain  an  average  reflectivity  of  0.066  with  a standard  deviation  of 
0.027.  This  corresponds  to  an  average  dielectric  constant  of  2.87  and  a 
standard  deviation  of  0.66.  Our  average  reflectivity  is  slightly  larger  than 
an  average  reflectivity  along  about  22°N  (0.061±0.033)  [1,2],  but  it  is  about 
the  same  as  the  average  reflectivity  obtained  farther  south  (0.07)  [3].  The 
frequency  distribution  of  dielectric  constants  is  bimodal  with  modes  near  2.2 
and  3.3  (Fig.  3).  The  variation  of  dielectric  constants  with  longitude  show 
that  low  dielectric  constants  are  associated  with  the  Syria-Sinai  Planum  and 
the  southern  Tharsis  regions  between  75°  and  190°W;  elsewhere,  dielectric 
constants  are  typically  above  average  (Fig.  4). 

An  inspection  of  thermal  inertia  maps  [4,5]  along  the  3.1°  to  13.9°S 
latitude  band  suggests  that  there  is  a strong  correlation  between  thermal 
inertias  and  our  dielectric  constants.  A similar  correlation  has  been  noted 
previously  [6,7].  Small  dielectric  constants  and  low  thermal  inertias  are 
associated  with  each  other  in  the  Syria-Sinai  Planum  and  Tharsis  regions. 
Elsewhere,  above  average  dielectric  constants  are  associated  with  moderate  to 
high  thermal  inertias,  except  in  southern  Arabia  near  330°W. 

The  combination  of  small  dielectric  constants  and  low  thermal  inertias 
appears  to  be  typical  of  the  Tharsis  region.  Our  average  dielectric  constant 
for  southern  Tharsis  between  115°  and  145°W  is  2.17±0.12.  For  northern 
Tharsis  along  about  22  N and  between  75°  and  125°W  [2],  the  average  dielectric 
constant  is  about  2.3±0.4. 

Tharsis  is  also  characterized  by  strong  polarized  diffuse  and  depolarized 
echoes  which  suggest  that  there  are  significant  concentrations  of  wavelength- 
size  roughness  elements  at  and  near  the  surface  [1,2,8]. 
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Figure 


Frequency  distribution 
of  rms  slopes. 


i 0.1  ST 


1986  GOLDSTONE  MARS  OBSERVATIONS 
LATITUDES:  3.1  TO  13.9  DEGRESS  SOUTH 


N -274 
AVERAGE  -2.87 


2.0  2.5  3.0  3.5  4.0 

RELATIVE  DIELECTRIC  CONSTANT 


Figure  3. 


Frequency  distribution 
of  dielectric  constants. 


Figure  4.  Dielectric  constant 
as  a function  of 
longitude . 


291 


The  association  of  small  dielectric  constants,  low  thermal  inertias,  and 
strong  diffuse  and  depolarized  echoes  suggest  that  thick  layers  of  loose  dust, 
interspersed  with  rough  surfaces,  are  present  in  some  places  such  as  southern 
Tharsis.  Importantly,  the  radar  and  thermal  data  are  consistent  with  geologic 
interpretation  of  Viking  Orbiter  high-resolution  images  of  southern  Tharsis 
where  thick  deposits  of  eolian  mantle  of  dust  are  interspersed  with  rough  aa 
and  blocky  lava  flows  [9]. 
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ANALYSIS  OF  1971  AND  1973  MARS  GOLDSTONE  DATA 

A P.  Zent,  F.P.  Fanale,  Planetary  Geosciences  Div.,  Univ.  of  Hawaii,  HonoMu,  HI  96822, 
and  L.E.  Roth,  Jet  Propulsion  Lab,  Cal.  Inst.  Tech.,  Pasadena,  CA  91009. 

The  1971  and  1973  Goldstone  12.6-cm  radar  observations  of  Mara  are  separate  data 
sets  which  include  measurements  of  inherent  surface  reflectivity  as  a taction  of  latrtude 
longitude,  and  season.  The  data  are  discontinuous  and ^complete.  It  has .been  arg 
that  reflectivity  variations  might  exist  in  these  data  (Z*k  and  Moug.nB-Mark  1980,  Roth 
et  al  1985)  which  may  be  consistent  with  origin  by  subsurface  melting  (Roth  et  al.,  1986, 
Zent  and  Fanale , 1986)  We  have  examined  both  the  1971  and  1973  data  sets  to  see  if  the 
subsurface  melting  model  is  compatible  with  the  observations. 

We  have  attempted  to  analyze  the  experimental  error,  i.e.,  the  variation  in  the  data 
sets  not  accounted  for  by  differences  between  measured  samples.  We  construct  auto- 
correlograms  of  the  reflectivity  measurements  in  the  1971  and  1973  data  sets  Colloca  e , 
sinmltaneous  measurements  should  have  a correlation  of  1.  The  degree  to  which  the 
extrapolated  correlation  coefficient  at  zero  lag  differs  from  1 is  a measure  of  the  experun 
tal  error.  Correlations  of  "0.95  at  zero  lag  in  both  data  sets  indicate  that  the  expenm 
errors  are  less  than  ”10%.  Given  this  estimate  of  experimental  error  we  conclude » 
there  is  no  a priori  reason  to  discount  reported  reflectivity  variations,  provided  the 
reported  reflectivity  change  is  greater  than  10%  of  the  absolute  value. 

Intra-annual  radar  reflectivity  variations  were  mapped  via  two  techniques.  The  first 
has  high  resolution,  but  suffers  from  the  incomplete  coverage  of  the  data  set.  W th  this 
technique,  overlapping  scans  that  indicate  appreciable  reflectivity  change  are  s^Ply  Plot- 
ted on  the  planet’s  surface.  While  the  second  method  offers  more  complete  coverage,  it  i 
at  the  cost  of  diminished  resolution.  The  imaged  area  is  divided  mto  144  resolution  cells, 
and^the°coirelation  of  the  reflectivity  with  time  is  plotted  in  each  cell.  Our  ex—m 
has  shown  that  there  are  broad  areas  which  exhibit  reflectivity  increases  of  greater 
10%  during  the  course  of  an  observing  run,  particularly  in  the  1971  data,  We  have rfenn 
fied  three  areas  in  which  strong  reflectivity  increases  were  pre^nt  in  both  the  1971  and 
1973  data.  We  conclude  that  these  areas  are  unique  in  terms  of  their  properties,  which 
some  manner  influences  their  12.6  cm  radar  return. 

We  have  attempted  to  reconcile  the  time  and  location  of  these  identified  areas  with 
the  hypothesis  that  radar  variations  are  due  to  the  seasonal  melting  of  very  salt-rich  H O 
systems  (brines)  in  the  very  shallow  regolith  of  Mara.  Examination  of  the  energy  g 
of  Mara  during  those  periods  in  which  reflectivity  apparently  increases  reveals  that  during 
1973  the  surface  was  rapidly  cooling  at  the  time  that  melting  is  required  by  the  brine 
hypothesis.  A plot  of  the  reflectivity  histories  of  the  test  regions  against  season  delays  a 
step-like  behavior  that  is  difficult  to  reconcile  with  an  origm  by  melt  generation.  It 
appears  very  unlikely  that  the  apparent  radar  anomalies  are  due  to  subsurface  melting  o a 
brine  Any  aUempt  to  explain  them  as  such  must  include  a scenario  for  an  active  martian 
crust  which  is  capable  of  emplacing  H.O  in  the  very  shallow  martian  regohth^ 
within  the  last  million  years.  Such  a system  would  be  greatly  out  o equilibrium  whh  the 
thermal  and  chemical  megaenvironment  as  revealed  by  the  Viking  Landers  and  Orbiters. 
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Further  examination  of  the  area*  identified  in  this  atudy  ia  strongly  recommended. 
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Developments  in  the  Buricd-Crater  Model  for  Radar  Echoes  from  ley  Moons 
E M.  Gurrola,  V.R.  Eshleman  (Stanford  University) 

The  buried-crater  model  introduced  by  Eshleman  (Science  234  587,  1986)  has  been  successful 
in  accounting  for  anomalously  large  radar  echoes  with  unexpected  polarization  ratios  that  have  been 
observed  from  three  icy  moons  of  Jupiter:  Europa,  Ganymede,  and  Callisto.  A simple  model  of  a single 
buried  cr*ntcr  with  axially  incident  rays  plus  a single  assumption  regarding  the  ratio  of  refractive  indices 
in  the  layers  above  and  below  the  crater  walls  was  found  adequate  to  model  the  power  in  two  orthogonal 
circular  and  linear  polarizations  for  all  three  moons. 

We  find  that,  with  further  development  of  the  model  to  include  effects  due  to  angular  position  of 
the  craters,  this  model  also  provides  a good  fit  to  the  only  other  type  of  well-established  data:  the 
doppler-frequency  power  spectra.  The  figure  compares  theoretical  curves  of  radar  cross-section  for 
buried  craters  with  typical  Europa  spectra  (data  from  S.  Ostro  in  Satellites  of  Jupiter , D.  Morrison, 
Ed.,  U.  Arizona  Press  1982)  and  contrasts  them  with  simulated  spectra  for  Earth’s  moon  which  was 
the  expected  situation.  The  dashed  curve  is  a least-squares  fit  of  the  data  to  a cos  0 law  (where  0 
is  the  angle  between  the  incident  rays  and  the  moon’s  surface  normal).  The  buried-crater  model  gives 
circular  and  linear  polarization  ratios  (ratio  of  power  in  the  unexpected  to  the  expected  polarization) 
of  1.60  and  0.44;  averages  of  the  observations  for  Europa  are  1.56  and  0.47  respectively. 

We  have  compared  this  model  with  other  models  that  have  been  proposed  with  regard  to  their 
correspondence  to  current  data  and  find  that  the  buried  crater  model  predicts  larger  echoes  than  other 
models  that  can  also  account  Tor  the  polarization  ratios.  Despite  an  uncertain  geophysical  hypothesis, 
the  buried-crater  model  is  distinguished  by  its  ability  to  simultaneously  account  for  the  main  features 
in  all  the  types  of  data  with  a minimum  of  ad  hoc  assumptions.  Also',  by  introducing  a gradation  in 
refractive  index  at  the  crater  walls,  this  model  can  account  for  the  sparse  data  indicating  a frequency 
dependence  in  the  polarization  ratios. 
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Numerical  Modeling  of  Radiowave  Scattering 

R.A.  Simpson  and  G.L.  Tyler 
Center  for  Radar  Astronomy 
Stanford  University 
Stanford,  CA  94305-4055 

Radiowave  scattering  is  an  effective  tool  for  remotely  studying  planetary  surfaces.  It 
is  particularly  sensitive  to  surface  texture  with  dimensions  comparable  to  the  radio  wave- 
length (a  few  centimeters  to  tens  of  meters,  with  present  systems).  Theoretical  work, 
however,  has  lagged  experimental  discoveries  with  the  result  being  that  qualitative  inter- 
pretations of  relatively  well  characterized  observations  are  the  rule.  Numerical  tech- 
niques, in  combination  with  rapidly  improving  computer  technology,  now  provide  an  alter- 
native to  conventional  theoretical  development.  Relatively  simple  and  robust  algorithms, 
but  ones  which  demand  considerable  computation  power,  allow  us  to  simulate  some  electro- 
magnetic scattering  problems.  Although  there  are  only  a very  limited  number  of  analytical 
solutions  which  can  be  used  for  checking,  the  clarity  with  which  the  problems  may  be  stated 
plus  an  understanding  of  the  computer's  numerical  limitations  provide  assurance  that  the 
results  are  correct. 

A large  body  of  computer  software  has  been  developed  nationally  for  calculating  elec- 
tric and  magnetic  fields  near  objects  that  can  be  described  in  relatively  simple  terms  - 
wires  and  plates  (antennas,  for  example)  and  cylinders  and  cones  (aircraft,  missiles,  ships, 
etc.).  The  calculations  usually  incorporate,  either  as  initial  conditions  or  as  an  intermedi- 
ate result,  information  about  the  currents  on  the  conducting  surfaces  involved.  The  radiated 
fields  (including  scattering  as  a special  case)  then  represent  the  response  to  these  currents. 

As  in  many  electromagnetics  problems,  a particular  solution  may  be  derived  more  easily  by 
concentrating  on  either  the  electric  or  the  magnetic  equations.  Dielectric  materials  (as  op- 
posed to  perfect  conductors)  and  statistically  rough  surfaces  (as  opposed  to  those  with  well- 
defined  curvature)  increase  the  complexity  of  these  problems  considerably.  Both  varia- 
tions, of  course,  must  be  accommodated  in  any  application  to  real  planetary  surfaces. 

We  have  identifed  the  Numerical  Electromagnetic  Code  (NEC)  as  being  the  best  of  sev- 
eral candidates  for  application  to  planetary  problems.  We  have  obtained  a copy  of  this  pro- 
gram from  its  "curators"  at  the  Lawrence  Livermore  Laboratory  and  adapted  it  for  operation 
on  our  Data  General  MV/10000.  Although  intended  for  study  of  scattering  from  "objects" 
rather  than  distributed  targets  such  as  "surfaces,"  NEC’s  relative  generality  has  made  it 
attractive.  With  some  limitations  our  present  version  of  NEC  permits  evaluation  of  the 
scattering  from  virtually  any  object  that  can  be  (approximately)  described  in  terms  of  300 
or  fewer  wire  segments  or  small  plates. 

We  have  both  tested  and  used  NEC  in  several  scattering  contexts.  To  test  the  program 
accuracy  we  have  compared  NEC  results  against  analytical  solutions  for  scattering  from  (a) 
a large,  smooth  plate  and  (b)  a perfectly  conducting  sphere.  In  both  cases  we  obtained  good 
agreement.  In  fact,  for  the  plate,  we  have  concluded  that  the  numerical  solution  is  superior 
because  of  simplifications  required  in  obtaining  the  analytic  result  (Simpson  and  Tyler, 

1 988).  We  have  also  constructed  canonical  geometrical  objects  (sphere,  cylinder,  and 
cube)  --  models  for  "rocks"  - and  calculated  the  scattering  as  a function  of  size  and  orien- 
tation. 
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The  canonical  geometrical  objects  were 
defined  using  the  "plate"  mode  of  NEC.  Figure 
1 illustrates  how  this  is  done  and  Figure  2 
gives  some  of  the  results.  When  the  objects 
have  dimensions  on  the  order  of  a wavelength, 
the  three  forms  have  distinct  scattering  pat- 
terns (Figure  2a).  Note  that  scattering  pat- 
terns in  at  least  three  planes  are  needed  to 
characterize  these  objects;  for  present  pur- 
poses we  have  limited  illustration  to  a single 
plane,  where  the  cylinder  and  cube  are  quite 
similar.  As  object  size  decreases,  the  scat- 
tering patterns  (except  for  a scale  factor) 
begin  to  look  the  same.  For  characteristic 
dimensions  ( e.g .,  the  diameter)  on  the  order 
of  X/10  the  individual  shapes  cannot  be 
distinguished  from  their  scattering  patterns 
nor  can  the  orientation  of  any  single  object  be 
determined. 
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Figure  1 . Octant  of  sphere  defined  in  'plate" 
mode  for  NEC.  80  plates  complete  the  sphere. 


More  recently  we  have  begun  to  investigate  the  detailed  interaction  between  two  scat- 
tering objects  — rock  to  rock  coupling.  We  anticipate  that  this  study  may  produce  the  first 
useful  polarization  results  from  our  work.  We  began  by  solving  the  scattering  problem  for 
a single  sphere  and  then,  again,  for  a displaced  sphere.  Coherent  combination  of  those  two 
solutions  was  expected  to  give  the  same  answer  as  a single  solution  for  two  separated 


Figure  2.  Scattering  patterns  for  large  (a)  and  small  (b)  canonical  objects  - sphere, 
cylinder,  and  cube.  Characteristic  dimension  (e.g.,  diameter)  of  objects  in  (a)  is  2X/3;  charac 
teristic  dimension  in  (b)  is  2X/30.  Illumination  is  from  the  z direction  (top  of  figure;  note 
arrow);  incident  electric  field  vector  is  parallel  to  x axis.  Plot  shows  observed  scattered  field 
measured  in  the  x-z  plane  with  a probe  polarized  in  the  x-z  plane. 
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spheres.  We  discovered  at  this  point,  however,  that  NEC  will  not  solve  the  two  sphere  prob- 
lem in  the  "plate"  mode.  We  are  now  switching  to  spheres  defined  in  the  "wire"  mode,  but 
our  present  wire  sphere  is  unacceptably  sensitive  to  orientation.  We  are  investigating 
modifications  to  the  present  design  as  well  as  alternatives  such  as  approximation  by  an 
icosahedron;  the  latter  is  attractive  on  symmetry  grounds,  but  it  will  not  scale  easily.  We 
have  used  NEC  in  the  meantime  to  study  the  interaction  between  two,  separated  wire 
elements  and  have  confirmed  that  our  general  approach  is  valid. 

The  substitution  of  wire  spheres  for  plate  spheres  represents  a step  we  would  have 
taken  shortly  anyway.  NEC  requires  that  scatterers  constructed  from  plates  be  closed,  so 
any  attempt  at  modeling  a "surface"  would  have  required  closure  with  a base  plate,  an  un- 
realistic restriction.  A wire  mesh  will  be  used  for  surface  modeling;  it  can  be  solved 
directly  by  NEC.  Further,  the  wire  mesh  model  is  more  easily  related  to  real  topographic 
data  (two-dimensional  grids  of  regularly  spaced  points),  and  we  can  provide  some  degree  of 
control  on  edge  effects  (scattering  artifacts)  through  selective  addition  of  resistance  to  wire 
segments  near  the  perimeter.  The  present  complication  illustrates  the  care  that  must  be 
taken  in  using  codes  such  as  NEC  and  the  limitations  in  even  this  relatively  general  program. 


Simpson,  R.A.,  and  G.L.  Tyler,  "Numerical  modeling  of  radiowave  scattering,  Reports  of 
Eianetary  Qsq |QgY  and  Geophysics  Pronram  - 1QR7  NASA  Technical  Memorandum  4041 , 
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RADAR  SCATTERING  FROM  DESERT  TERRAINS,  PISGAH/LAVIC  REGION, 
CAUFORNIA 

J.  J.  Plaut  (1).  J.  J.  vanZyl  (2).  R.  E.  Arvidson  (I).  rue 

(1)  Department  of  Earth  and  Planetary  Sciences.  McDonnell  Center  for  the  Space 
Sciences.  Washington  University.  St.  Louis.  Missouri  63130. 

(2)  Jet  Propulsion  Laboratory.  4800  Oak  Grove  Drive.  Pasadena.  California  91 109. 


A major  component  of  the  1988  Mojave  Field  Experiment  (Wall  et  al. , 1988) 
involved  the  simultaneous  acquisition  ol  quad-polarization  multi-fiequency  aiiborne 
SAR  imaging  radar  data  and  ground  measurements  thought  to  be  relevant  to  the  radai 
scattering  behavior  of  a variety  of  desert  surfaces.  The  airborne  SAR  system  acquired 
images  at  approximately  10  m resolution,  al  3 incidence  angles  (30°.  40°.  50°)  and  at 
3 wavelengths  (P:  68  cm.  L:  24  cm.  C:  5.6  cm).  The  polarimetric  capabilities  of  the 
instrument  allow  the  simulation  of  any  combination  of  transmit  and  •pceive 
polarizations  during  data  reduction  (Zebker  et  al..  1987;  vanZyl  et  al..  1987) 
Calibrated  trihedral  corner  reflectors  were  deployed  within  each  scene  to  peimit 
absolute  radiometric  calibration  of  the  image  data.  We  report  heie  on  initial  ana  yses 
of  this  comprehensive  radar  data  set.  with  emphasis  on  roughness,  incidence  angle,  and 
polarimetric  effects. 

Detailed  site  characterization  and  sample  collection  were  conducted  at  5 
compositionally  and/or  texturally  distinct  sites  within  the  Pisgah  Volcanic  Field/Lavic 
Lake  area.  These  included;  a smooth  undisturbed  playa  surface;  a playa  surface 
covered  with  basaltic  cobbles;  a moderately  vegetated  alluvial  surface;  and  2 basaltic 
lava  flow  surfaces  of  contrasting  roughness. 

Total  (unpolarized)  backscattered  power  values  are  well -coil  elated  with  giound 
determinations  of  wavelength-scale  roughness  tor  the  various  sites.  Foi  example, 
differences  in  measured  backscattered  power  between  the  smooth  and  cobble-strewn 
playa  surfaces  are  minor  in  P-band  (<  I dB)  and  L-band  (<4  dB).  but  are  laige  (>. 
dB)  in  C-band.  This  is  clearly  due  to  the  presence  of  scattering  elements  (cobbles) 
which  occur  primarily  at  the  scale  of  the  C-band  wavelength  (5-20  cm).  A similar 
effect  is  seen  at  the  two  lava  flow  sites.  Backscattered  power  diffeiences  between  the 
rough  (aa)  and  less  rough  (pahoehoe)  surfaces  are  >4  dB  in  P-  and  L-band  but  <2  dB 
in  C-band.  In  this  case  (he  longer  wavelength  bands  are  sensitive  to  the  dominant 
roughness  differences  of  the  two  sites,  while  the  relatively  unifoim  C-band  lesponse 
results  from  a common  small-scale  roughness. 

Preliminary  analysis  of  incidence  angle  effects  indicates  that  all  of  the  surface 
types  exhibit  the  expected  decrease  in  hackscatter  strength  with  increasing  incidence 
angle  Future  work  will  examine  this  effect  in  more  detail,  in  the  context  of  model 
scattering  laws.  Selection  of  an  appropriate  incidence  angle  to  best  distinguish  two 
terrain  types  appears  to  depend  on  the  nature  ot  the  surfaces.  In  unpolauzed  data,  t e 
two  playa  surfaces  are  better  separated  at  large  incidence  angles,  whereas  the  aa  and 
pahoehoe  lava  flows  show  greater  contrast  at  small  incidence  angles.  This  may  be  due 
to  the  relatively  larger  role  of  quasi-specular  scattering  at  small  incidence  angles,  an 
effect  which  is  more  likely  to  be  important  for  rough  surfaces. 
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Polarization  signatures,  which  describe  the  behavior  of  radar  backscattering  cross- 
atCn‘°nt  af  funct,on  of  send  and  receive  polarization  states  (Zebker  et  al..  I987§)  were 
generated  for  each  site  at  each  frequency  and  incidence  angle.  The  polarization 
signatures  at  all  sites  are  generally  consistent  with  theoretical  signatures  based  on  a 
Bragg  scattering  model  for  rough  surfaces  (vanZyl  et  al..  1987).  §The  co-polarization 
signatures,  tor  example,  consistently  display  maxima  at  VV.  and  minima  at  or  near  the 
circular  polarizations.  Similarly,  the  cross-polarization  minima  corLpond  to  linear 
send/receive  pans  (e.g.  HV).  as  expected.  Preliminary  examination  of  images 
synthesized  in  several  standard  polarization  states  shows  that  the  HV  polarization  can 

flow"  nreHvy  T :n  d,sJ;r,minatirJg  lava  flow  types.  L-band  images  of  the  Pisgah  lava 

« >h  h P°lanza.tl0n  fhow  excellent  discrimination  of  the  three  lava  flows  associated 
with  the  three  eaiptive  phases  of  the  Pisgah  field.  associated 

tnnh;Jhe.  quad-polarization  airborne  SAR  system  is  the  most  powerful  and 

mni7P  'fhteC  '^da'  imag,ng  to°'  to  he  applied  to  geological  studies.  Future  work  will 
utilize  the  unique  polarimetric  data,  along  with  absolute  calibrations  at  multiple 

ZZ  't"g' nS'-  t0  devel°p  antl  ,cst  niodds  for  ^rsion  of  image  data  for  exTracting 
geologically  important  properties  of  suriaces.  ® 
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COMPARISON  OF  TIMS  AND  AIRBORNE  IMAGING  RADAR  DATA  OVER  THE 
PISGAH  VOLCANIC  FLOW  AND  ADJACENT  LA  VIC  LAKE  PLAYA 
S.  J.  B.  Petroy.  R.  E.  Arvidson.  McDonnell  Center  for  the  Space  Sciences.  Department 
of  Earth  and  Planetary  Sciences.  Washington  University.  St.  Louis.  Missouri.  63130. 
and  A.  B.  Kahle.  Jet  Propulsion  Laboratory.  Pasadena.  California.  91103 


The  NASA  airborne  Thermal  Infrared  Multispectral  Scanner  (TIMS)  and  the  JPL 
quad-polarization  radar  instrument  were  both  flown  over  the  Pisgah  volcanic  field  and 
adjacent  Lavic  Lake  playa  within  a two-day  period  in  June,  1988.  These  flights  were 
part  of  the  Mojave  Field  Experiment  (MFE)  - a collaborative  effort  involving 
Washington  University.  Arizona  State  University,  and  JPL  (Arvidson  and  Guinness,  this 
volume:  Wall  et  al..  1988).  The  concept  of  this  experiment  is  based  fundamentally  on 
the  acquisition  of  in-situ  ground  and  subsequent  laboratory  data  to  provide  information 
on  surface  properties  that  can  be  used  to  check  results  extracted  from  remote  sensing 
data.  What  follows  is  the  initial  analyses  of  the  thermal  and  radar  data  sets,  with 
emphasis  on  determining  physical  properties  of  the  surface  materials,  such  as  particle 
size  and  small-scale  surface  roughness. 

The  TIMS  instrument  has  six  wavelength  channels  in  the  thermal  infrared  between 
8 and  12  ym.  Calibrated  spectral  radiance  data  from  the  TIMS  day/night  flights  permit 
the  calculation  of  day  and  night  surface  temperatures,  surface  spectral  emittance.  and 
apparent  thermal  inertia.  Depths  from  which  diurnal  thermal  observations  are  obtained 
range  from  a few'  centimeters  to  tens  of  centimeters,  depending  on  the  surface  material 
(Kieffer  et  al..  1977).  The  radar  instrument  has  three  wavelength  channels  in  the 
microwave  region  - the  P band  (68  cm).  L.  band  (24  cm),  and  C band  (5.6  cm)  - and 
can  send  and  receive  power  in  four  polarizations  modes  (HH.  VV.  HV.  and  VH). 
Radar  studies  of  planetary  surfaces  are  sensitive  to  material  properties  to  a depth  which 
depends  on  the  wavelength  employed,  but  which  could  be  as  large  as  several  meters 
(Evans,  1969;  McCauley" et  al..  1982).  Integration  and  comparison  of  measurements 
acquired  in  the  thermal  infrared  and  microwave  regions  of  the  spectrum  can  thus  be 
used  to  constrain  a range  of  surface  properties,  such  as  particle  size,  depth  of  loose 
regolith.  moisture  content,  and  degree  of  bonding. 

Spectral  and  temperature  information  contained  in  the  TIMS  data  were  separated 
using  a method  developed  by  Kahle  et  al.  (1980).  An  apparent  thermal  inertia  (ATI) 
image  was  produced  from  the  day  and  night  temperature  images  coregistered  with  the 
Landsat  TM  data.  Ideally,  a reflectance  image  would  be  constructed  from  a 
combination  of  all  six  visible  and  near-infrared  channels  of  the  TM  data  convolved  with 
the  spectral  response  curve  of  the  sun  over  the  TM  wavelength  region.  This  would 
provide  a measure  of  albedo  or  brightness  of  a surface  (the  ratio  of  total  solar  radiation 
reflected  from  the  surface  to  that  received  by  the  surface)  over  the  wavelength  region 
sampled  by  the  Landsat  TM.  However,  for  simplicity.  Band  4 (0.76  to  0.90  um)  was 
used  as  the  albedo  image  (this  hand  contains  the  maximum  amount  of  spectral  variation 
within  the  scene).  The  apparent  thermal  inertia  image  was  then  constructed  from  the 
Price  (1977)  formula.  ATI  = K<  I -A)/(Tp-TN).  ignoring,  for  the  present,  topographic  and 
atmospheric  effects:  A is  the  albedo  image.  TD  is  the  daytime  temperature  image.  T,. 
is  the  nighttime  temperature  image,  and  K is  a constant  of  proportionality.  Thermal 
inertia,  a bulk  physical  property  of  the  surface  materials,  is  equal  to  (Kpc)1  12  where 
K= thermal  conductivity.  p= density,  and  c = specific  heat.  Thus,  determination  of 
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thermal  inertia  provides  constraints  on  specific'  physical  properties  described  above  and 
calculation  ol  apparent  thermal  inertia  for  different  surfaces  allows  for  relative  estimates 
of  these  physical  properties. 

Within  the  Pisgah/Lavic  Lake  study  area.  ATI  values  range  from  0.01  to  0.04  in 
units  proportional  to  those  used  for  thermal  inertia  (cal  cm  2 K 1 sec  1/2 ; these  units  will 
be  assumed  throughout).  The  dominant  thermal  feature  is  the  Pisgah  volcanic  flow 
ch  is  characterized  b\  All  values  between  0.024  and  0.04;  Lavic  Lake  playa 
exhibits  consistently  lower  ATI  values  of  0.01  to  0.018.  Although  the  contact  between 
the  Pisgah  flow  and  the  playa  is  sharp  in  the  ATI  image,  there  is  a gradational 
boundary  between  the  playa  and  the  adjacent  alluvial  Ians.  ATI  values  gradually 
inci ease  away  from  the  playa  as  the  alluvial  deposit  appears  to  thicken  and  surface 
particle  size  and  vegetation  cover  increases. 

The  radar  data  were  processed  by  extracting  the  total  power  returned  from  each 
surface  point  sampled;  a rough  surface  will  scatter  more  power  back  to  the  detector 
than  a smooth  surface  which  tends  to  reflect  power  away  from  the  detector.  Thus, 
brightness  variations  within  the  radar  images  can  be  qualitatively  related  to  the  surface 
roughness  in  each  of  the  three  wavelength  regions  sampled  (5.6.  24.  and  68  cm;  Plaut 
et  al..  this  volume).  The  Pisgah  volcanic  flow  is  generally  bright  (i.e..  rough)  at  all 
three  wavelengths.  Lavic  Lake  playa  is  fairly  smooth  and  flat;  it  appears  dark  in  all 
three  bands.  However,  there  is  a small  area  oh  the  playa  adjacent  to  Pisgah  flow  that  is 
covered  with  small  basaltic  cobbles  (about  10-20  cm  diameter).  This  area  appears 
biightest  in  the  C band  image  (5.6  cm  wavelength)  and  can  also  be  observed  in  the  ATI 
image;  it  exhibits  a slightly  higher  apparent  thermal  inertia  (ATI  =0.02)  than  the 
surrounding  playa. 

Within  the  Pisgah/Lavic  Lake  site,  comparisons  between  the  ATI  image  and  the 
ladar  images  show  a general  correlation  between  smooth,  low  thermal  inertia  regions 
and  rougher,  higher  thermal  inertia  regions.  This  does  not  imply  that  surface 
roughness  is  controlling  the  thermal  inertia;  rather,  it  suggests  that  the  physical 
properties  generally  controlling  the  apparent  roughness  of  a surface  are  related  to  those 
properties  which  control  its  thermal  inertia.  For  example,  the  playa  is  composed  of 
thick  deposits  (>68  cm)  ol  very  fine-grained  clay  particles;  thus,  it  is  fairly  smooth  to 
the  radar  at  all  wavelengths.  These  same  fine-grained  clay  particles  result  in  the  low 
thermal  inertia  observed  over  the  playa.  Where  the  playa  is  overlain  by  small  basaltic 
cobbles,  the  surface  is  rough  al  small  wavelengths;  it  is  brighter  than  the  playa  in  the  C 
band  (5.6  cm)  but  is  not  as  easily  distinguished  from  the  playa  in  the  L and  P bands. 
This  surface  is  composed  of  materials  with  different  thermal  inertia  values  - the  playa 
deposits  have  low  ATI  values  (0.01-0.018)  while  the  denser,  darker  basaltic  fragments 
are  characterized  by  higher  ATI  values  (0.024-0.04).  The  resulting  ATI  of  this  surface 
is  intermediate  between  the  ATI  of  the  two  materials  (0.02).  One  future  objective  is  to 
model  this  site  as  a two  component  surface  (fine-grained  sediment  with  some  fraction  of 
coarser  blocks)  using  Christensen's  ( 1986)  block  abundance  model. 

On  the  Pisgah  volcanic  flow,  it  is  possible  to  distinguish  between  aa  and  pahoehoe 
flow  textures  within  the  radar  images;  primarily  within  the  L band  image.  The 
pahoehoe  surfaces  appear  darker  (i.e..  smoother)' in  the  P and  L bands  while  the  aa 
flows  appear  bright.  This  distinction  is  not  as  clear  in  the  ATI  image,  although  where 
the  two  surface  textures  can  be  distinguished,  the  aa  flows  do  appear  to  have  slightly 
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higher  apparent  thermal  inertia  values  (0.03-0.04).  One  possible  explanation  foi  this 
difference  is  that  the  highly  vesicular  and  hlocky  nature  of  the  aa  flows  not  only  makes 
the  surface*  wry  rough,  hut  results  in  air  pockets  which  tend  to  moderate  the  diurnal 
temperature  change  over  the  aa  surface.  In  contrast,  the  smoother  denser  pahoehoe 
flows  do  not  contain  such  a high  density  ol  an  pockets  and  thus  would  not  exhibit  this 
moderating  air  temperature  effect.  We  plan  to  test  tor  this  modeiating  an  empeia  ui 
effect  during  future  field  work. 

Used  in  conjunction,  thermal  and  radar  measurements  of  surficial  ^iateria,s  ^ 
provide  constraints  on  the  bulk  physical  properties  of  the  surface. 

between  small-scale  surface  roughness  and  thermal  inertia  aie  evident  at  idati  e y 
pristine  sites,  such  as  the  Pisgah/Lavic  Lake  site  where  surfaces  have  not  been  highly 
weathered  or  altered.  The  estimated  and  model -dependent  surface  properties  derived 
from  these  data  will  be  compared  to  field  and  laboratory  data  to  test  the  validity  of 
procedures  used  to  extract  surface  property  information.  In  addition,  these  proceduies 
will  be  explored  to  rigorously  lest  their  sensitivity  to  various  input  parameters  sue 
estimated  composition,  thermal  inertia,  roughness,  and  albedo. 
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Distinguishing  the  Morphology  of  Sapping-  and  Runoff^Dominated  Valleys 

on  Earth  and  Mars 

R Craig  Kochel  and  Suzanne  M.  Orbock  Miller,  Department  of  Geology, 

Southern  Illinois  University,  Carbondale,  Illinois  62901 

The  origin  of  small  valleys  widespread  over  the  Martian  surface  has  considerable 
significance  in  the  interpretation  of  the  paleoclimatic  history  of  Mars.  If  these  valleys  can  be 
ascribed  to  runoff  processes,  they  imply  an  early  and  dense  Martian  atmosphere  with 
precipitation  and  a normal  hydrologic  cycle.  Alternatively,  if  the  valleys  were  formed  by 
groundwater  sapping  or  ground-ice  break-up,  then  no  substantial  climatic  evolution  need  be 
invoked.  This  study  compares  the  morphometry  of  valley  networks  formed  dominantly  b> 
runoff  processes  with  those  strongly  influenced  by  groundwater  sapping  processes  at  re 
terrestrial  analog  sites  in  Hawaii,  Arizona,  and  Montana  and  then  compares  the  results  of  the 
analog  studies  to  similar  data  collected  from  Viking  images  of  valley  networks  along  Valles 
Marineris  and  in  the  Margaritifer  Sinus  region  of  the  ancient  cratered  terrain  of  Mars.  The 
goal  was  to  determine  if  basin  morphology  reflects  dominant  channel  formative  processes 
and  if  basin  types  could  be  quantitatively  distinguished  using  spatial  parameters  measured 

from  aerial  imagery. 

Following  a field  reconnaissance  of  terrestrial  sites  in  the  Pryor  Mountains,  Montana; 
the  islands  of  Hawaii  and  Molokai,  Hawaii;  and  the  southern  Colorado  Plateau,  Arizona, 
valleys  were  classified  as  sapping-  or  runoff-dominated  systems  Sapping  dominance  was 
assigned  to  valleys  containing  significant  perennial  streams  with  large  springs  and  active 
seepage  alcoves  in  their  headward  tributaries.  Over  20  ^^metric^ papers  were 
measured  for  a set  of  61  basins  from  aerial  imagery  at  approximately  1 100,000  scale.  Most 
of  the  success  in  distinguishing  sapping  and  runoff  basins  was  achieved  *e  fo  owig 
morphometric  variables:  1)  ratio  of  canyon  area / basin  area  (can/bas),  2)  junction  angle  (jet 
angle);  bifurcation  ratio  (Rb);  4)  lemniscate  shape  factor  (k);  5) 

of  length  of  first  order  streams/  length  of  second  order  streams  (11/12) , 7)  length  of  second 
order  streams/  length  of  third  order  streams  (12/13);  8)  ratio  of  number  of  first  0«Jerstrea  / 
number  of  second  order  streams  (nl/n2);  9)  number  of  second  order  streams/  number  of  third 
order  streams  (n2/n3);  and  10)  first  order  channel  frequency  (fsl). 

The  results  of  multivariate  analyses  show  that  sapping  valleys  can  generally  be 
distinguished  on  the  basis  of  morphology  from  runoff  valleys  in  aerial  imagery  of  terrestrial 
sites.  ^Established  laws  of  network  evolution  and  drainage  development  m terresmal  runof 
basins  show  well-organized  linear  relationships  between  basin  area  and  channel  length  a. 
channel  number  parameters.  Similar  relationships  plotted  for  sapping-dominated  basins 
showed  much  less  linearity.  The  scatter  associated  with  the  sapping  basins  may  be  indiaiuve 
of  the  lack  of  integrated  surface  drainage  compared  to  that  expressed  by  basins  whe 
inconsequential  sapping  is  occurring.  Parametric  plots  of  dd,  k,  fsl,  and  can/bas  were 
successful  in  distinguishing  sapping  and  runoff  basins.  Sapping  basins  ^of 

drainage  density  and  first  order  stream  frequency  because  of  their  extensive  development  o 
subsurface  drainage  systems  and  subsurface  piracy  (Fig.  1).  Sapping  networks  also 
generally  have  higher  junction  angles  due  to  the  enhanced  influence  of  structural  anisotropy 
upon  channel  evolution.  High  junction  angles  are  attributed  to  channel  location  along  joints 
and/or  faults  because  they  provide  avenues  of  preferrentially  high  permeability  for 
groundwater  movement. 

A summary  of  the  results  of  principal  components  analysis  of  the  61  terrestrial  basins 
is  shown  in  Table  1.  Eigenvector  1 (El)  explains  39%  of  the  total  variance  and  represents 
runoff  (due  to  its  high  positive  loading  on  the  class  variable).  El  indicates  that  runoff  valleys 
Jfave  low  can/bas,  high  dd,  low  jet  angle,  and  high  fsl  compared  to  neighboring  sapping 
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Table  1.  PCA  Summary  Statistics  Terrestrial  Basins 


Table  2.  PCA  Summary  Statistics  for  Mars  Basins 


Eigenvectors 

El 

4.25 

E2 

2.23 

E3 

1.27 

11.6 

E4 

1.17 

Eigenvalues 

El 

4.816 

E2 

1.841 

16.7 

E3 

1.532 

13.9 

E4 

1.233 

11.2 

VARIABLES 

El 

E2 

E3 

E4 

Class 

0.415 

0.339 

0.184 

Canyon/Basin  A 

-0.356 

0.113 

-0.44 

-0.306 

Drainage  Density 

0.39 

-0.3 

-0.229 

-0.193 

k 

0.263 

-0.317 

-0.398 

-0.112 

1 1st/  1 2nd 

-0.235 

-0.369 

-0.087 

0.084 

1 2nd  / 1 3rd 

0.126 

0.271 

-0.215 

0.407 

no.  1st  / no.  2nd 

-0.249 

-0.451 

0.093 

0.42 

no.  2nd  / no.  3rd 

-0.066 

-0.051 

0.522 

-0.63 

Bifurcation  Ratio 

-0.243 

-0.0494 

0.234 

0.109 

Junction  Angle 

-0.424 

-0.074 

-0.209 

-0.117 

1st  Order  Freq. 

0.322 

-0.354 

-0.218 

-0.224 

VARIABLES 

El 

E2 

E3 

E4 

Class 

0.438 

0.047 

0.021 

0.007 

fsl 

-0.44 

-0.093 

0.039 

-0.012 

jet  angle 

-0.385 

0.062 

-0.078 

0.157 

Rb 

-0.063 

0.692 

0.216 

0.11 

no  2/no  3 

0.011 

0.217 

0.694 

-0.307 

no  1/no  2 

-0.086 

0.594 

-0.305 

0.353 

1 2nd/l  3rd 

-0.124 

0.062 

-0.452 

-0.508 

1 lst/1  2nd 

0.022 

-0.298 

0.177 

0.688 

k 

0.261 

0.083 

-0.367 

0.112 

di 

-0.431 

-0.076 

-0.006 

0.041 

can/bas  % 

-0.43 

-0.035 

0.02 

-0.007 

Figure  1.  Examples  of  boxplots  showing  distinction  in  the  raw  moiphometric  data  between 
sapping  and  runoff  valleys  and  between  networks  on  Mars. 
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basins.  E2,  which  explains  an  additional  20%  of  the  variance,  indicates  that  basins  with  low 
fsi  (which  tend  to  be  sapping  basins)  have  nearly  equal  numbers  and  lengths  of  first  and 
second  order  channels.  In  addition,  these  basins  tend  to  be  more  equidimensional  in  their 
shapes.  Discriminant  analysis  performed  on  the  terrestrial  dataset  was  100%  successful  in 
discriminating  between  sapping  and  runoff  basins  from  their  morphometry.  All  of  the 
valleys  interpreted  in  the  field  as  sapping-dominated  classified  correctly,  while  all  having  little 
field  evidence  of  sapping  classified  correctly  as  runoff  basins.  The  canonical  structure  of  the 
data  indicates  that  the  highest  loadings  occurred  for  the  same  variables  which  loaded  heavily 
in  the  PCA  analyses  (can/bas,  dd,  fsl,  and  jet  angle). 

A wide  variety  of  channel  networks  occur  on  Mars  in  addition  to  the  enormous 
outflow  channels  (Baker,  1982).  These  include:  1)  dry  valleys  with  dendritic  patterns 
occurring  in  the  ancient  cratered  terrain;  2)  longitudinal  valleys  such  as  Nirgal  Vallis,  which 
have  long  main  trunk  streams  and  infrequent,  stubby  tributaries;  and  3)  slope  valleys  found 
along  the  margins  of  Valles  Marineris  and  on  the  slopes  of  some  of  the  major  volcanoes. 
Morphometric  parameters  were  measured  from  Viking  orbital  imagery  for  a set  of  1 1 slope 
valleys  along  western  Valles  Marineris  and  for  23  dry  valleys  located  in  the  Margantifer 
Sinus  region  of  Mars  for  comparison  to  the  terrestrial  dataset.  Martian  slope  valleys  and  dry 
valleys  appeared  to  be  quite  different.  The  slope  valleys  have  considerably  larger  can/bas, 
higher  dd,  and  higher  junction  angles  than  the  dry  valleys. 

Principal  components  analysis  of  the  Mars  basins  showed  that  the  parameters  with 
high  loadings  were  similar  to  those  found  to  be  useful  in  interpreting  the  terretsrial  basins, 
namely:  fsl,  jet  angle,  dd,  k,  can/bas,  nl/n2,  11/12,  and  Rb  (Table  2).  Dry  valleys, 
represented  by  the  high  positive  loading  in  El,  are  characterized  by  networks  with  low 
junction  angles,  low  first  order  frequency,  low  drainage  density,  and  low  canyon/basin  area. 
E2  shows  that  basins  with  high  bifurcation  ratios  have  large  numbers  of  first  order  channels 
compared  to  higher  order  streams. 

The  discriminant  function  developed  for  terrestrial  basins  which  successfully 
separated  sapping  and  runoff  basins  was  applied  to  the  Martian  networks.  This  function 
classified  100%  of  the  Valles  Marineris  slope  valleys  as  sapping  networks,  but  was  no 
successful  in  classifying  dry  valleys  into  either  sapping  or  runoff  categories.  Dry  valleys 
labelled  runoff  experienced  87%  misclassification.  A second  discriminant  analysis  run  on  the 
Mars  dataset  alone  resulted  in  100%  separation  of  the  Valles  Marineris  valleys  from  the  dry 
valleys,  but  it  was  intermediate  between  the  terrestrial  functions  generated  for  sapping  or 
runoff  networks.  Therefore,  it  appears  that  Mars  dry  valleys  exhibit  morphologies  dissimilar 
to  runoff  or  sapping  end-members,  but  distinctly  different  than  the  slope  valleys  along  Valles 
Marineris.  These  results  are  consistent  with  interpretations  by  Baker  and  Partridge  (1986) 
which  suggest  that  dry  valleys  may  have  formed  initially  by  runoff  processes  and  were  later 
modified  by  sapping  flows.  Although  these  results  indicate  that  valleys  dominantly 
influenced  by  sapping  or  runoff  processes  can  be  distinguished  on  the  basis  of  morphology, 
it  must  be  emphasized  that  the  linkages  between  process  and  morphology  remain  complex 
and  uncertain.  Further  distinction  of  sapping  and  runoff  basins  on  Earth  using  relief 
measures  suggests  that  considerable  refinement  of  the  model  and  applicability  to  interpreting 
Mars  valleys  origins  may  be  possible  when  detailed  topographic  data  become  available. 
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AS  AN  alternative  hypothesis  for 

SMALL  VALLEY  ORIGINS. 

G.  R.  Brakenridge,  Insitute  of  Remote  Sensing,  Department  of  Geography,  Dartmouth 
College,  Hanover,  NH  03755 


The  fluvial  valley  networks  of  Mars  are  commonly  described  as  relict  from  an  earlier 
warmer  and  denser  atmosphere  [Mars  Channel  Working  Group,  1983;  Kahn,  1985;  Pollack 
and  others,  1987].  If  this  inference  is  true,  then  these  dry  valleys  constitute  evidence  for 
planetary-scale  climatic  change.  The  operation  of  an  Earth-like  hydrological  cycle  on  Mars 
requires  a much  warmer  atmosphere,  and  one  very  much  denser  than  the  7 mbar  atmosphere 
of  today  [Pollack  and  others,  1987].  Such  a large  amount  of  climatic  change  is  most  easily 
explained  by  slow  or  catastrophic  depletion  of  an  early  dense  atmosphere  rich  in  CO2  or 

some  other  greenhouse  gas,  and  much  modeling  work  has  proceeded  under  the  "mega- 
climatic  change"  assumption.  & 

Calculations  for  ice-covered  river  flows  on  Mars  [Carr,  1983],  however,  suggest  that 
fluvial  features  could  form  at  present  if  sustained  water  discharge  at  the  surface  were  to 
somehow  occur.  Heat  loss  by  conduction  through  modeled  ice-covered  rivers  is  slow,  and 
atent  heat  is  added  to  such  systems  by  water  freezing.  Thus,  the  limiting  factor  for  fluvial 
activity  on  Mars  is  water  release,  and  not  water  persistence  once  discharged  [Carr,  1983], 

Such  releases  could  be  related  to  a formerly  operating  water  cycle  and  a past  denser 
atmosphere,  but  there  are  other  alternatives:  1)  solar  heating  and  melting  of  dust-rich  snow  and 
ice  deposited  under  high  obliquity  orbital  conditions  [Jakosky  and  Carr,  1987;  Clow,  1987] 
and  2)  geothermally  heated  waters  reaching  the  surface  through  fractures  and  faults 
[Brakenridge  and  others,  1985;  Gulick  and  others,  1988;  Wilhelms  and  Baldwin,  1989 ] 

Given  these  alternatives,  the  assumption  of  a dense  paleoatmosphere  may  be  in  error. 

Cessation  of  valley  genesis  early  in  Mars  history  could  be  related  instead  to  changed  orbital 
parameters  or  to  decreased  geothermal  activity. 

The  present  research  is  is  directed  at  testing  climatic  versus  geothermal  causation  for 
small  valley  networks  by  extracting  the  maximum  possible  geological  and  geomorphological 
information  from  Viking  Orbiter  imagery  Three  research  products  are  summarized  here:  A) 
a revised  valley  classification  that  explicitly  includes  the  geological  settings  of  the  valleys-  B) 
detailed  geomorphological  maps  and  related  inferences  concerning  valley  genesis  and  local 
volcamsm  and  tectonism;  and  C)  landform  orientation  data  from  specialized 
geomorphological  maps  prepared  for  Aeolis  Quadrangle. 


An  earlier  classification  of  martian  valleys  is  based  on  planimetric  and  cross  section 
morphology  [Brakenridge  and  others,  1985].  Figure  A is  a modified  version  of  that 
classification,  and  incorporates  observed  valley-local  geology  relations.  The  number  of 
valley  classes  has  been  increased  from  five  to  six,  and  class  numbers  are  revised  to  establish 
a size  trend  from  smaller  (classes  I and  II)  to  larger  (classes  III-VI)  valleys. 

Class  I valleys  (parallel  slope  valleys)  and  class  II  valleys  (v-shaned  branching  valleys) 
occur  on  the  flanks  of  large  modified  crater  landforms  or  on  other  steep,  relatively  uniform 
slopes  that  are  adjacent  to  low-albedo  ridged  plains.  The  v-shaped  branching  valleys  are  of 
similar  dimensions  and  geologic  setting,  but  branch  upstream,  and  their  upstream  reaches 
exhibit  narrow,  v-shaped  cross  sections.  Both  valley  morphologies  commonly  dissect  the 
plateau  sequence,  and  terminate  at  the  margins  of  adjacent  ridged  plains. 

Clas*  m (flat-floored  straight  canypn^)  and  class  IV  (flat-floored  branching  valleys'! 
exhibit  flat  valley  floors,  and  widths  comparable  to  terrestrial  river  valleys  of  moderate  to 
large  Size  (5-10  km).  The  straight  canyons  are  relatively  short  and  commonly  debouch  at 
ndged  plain/plateau  sequence  boundaries.  Most  exhibit  dark  floors  that  appear  to  be 
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continuous  with  the  plains.  The 
headward  terminations  of  the  canyons  are 
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steep,  and  the  straight  canyon  walls 
suggest  fault  or  fracture  controls.  The 
flat-floored  branching  valleys  traverse 
hundreds  of  kilometers  of  complex 
plateau  sequence  landscapes.  Large- 
scale  circular  patterns  exhibited  by  some 
networks  may  relate  to  control  by  by 
impact-related  faults  or  fractures 
[Brakenridge  and  others,  1985;  Gulick, 
1986];  gaps  between  valley  segments 
may  result  from  post-valley  faulting  or 
from  incremental  valley  network 
assembly  through  headward  sapping. 

Two  valley  classes  are  not  shown  here, 
these  are  relatively  young  landforms  not 
clearly  indicative  of  changed  conditions. 

Figure  B is  a geomorphic  map  of  a 
portion  of  southern  Aeolis.  A volcanic 
plain  is  illustrated,  and  also  inferred 
thrust  faults  (wrinkle  ridges),  other  faults 
or  fractures,  a prominent  lava  flow  front 
within  the  ridged  plain  (arrows),  flat- 
floored  straight  canyons,  and  small  v- 
shaped  branching  valleys.  The  fluvial 
landforms  are  incised  into  plateau 
sequence  deposits  and  terminate  at  the  the 
ridged  plain.  The  boundary  between  lava 
plain  and  the  plateau  sequence  material  is 
not  sharp,  as  expected  if  simple  overlap 
or  embayment  is  involved.  Instead,  the 
boundary  is  irregular,  and  marked  by 
collapse  of  the  plateau  sequence  material 
(karst-like  terrain). 

The  lava  flow  front  is  approximately 
parallel  to  the  ridged  plain/plateau 
sequence  contact.  However,  no  source 
areas  for  these  lavas  are  visible,  and  the 
vents  may  be  hidden  beneath  the 
modified  plateau  sequence  materials  to 
the  west.  Subsurface  sill  volcanism 
probably  accompanied  the  extensive 
plains  lava  effusions,  and  may  have  been 
the  direct  local  cause  for  plateau  material 
modification  and  valley  development 
through  geothermal  spring  sapping. 

In  order  to  test  for  the  presence  of 

underlying  structural  controls  on  valley 

orientations,  fluvial  valleys,  wrinkle 
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ridges  (interpreted  as  thrust  faults),  and  undifferentiated  faults  and  fractures  were  mapped  for 
Aeolis  as  a whole.  The  relevant  descriptive  statistics  for  the  measured  orientations  are 
summarized  in  the  table  below.  In  computing  the  statistics,  no  weighting  is  used  for  feature 
lengths  (short  linear  features  are  included  on  an  equal  basis  with  long  ones),  and,  for  gently 
curvilinear  features,  the  two  end  points  of  the  feature  define  the  orientation. 


Aeolis  Landforms 

n 

Vector 

Meanl 

Strength 
of  Vector 
Mean^ 

Standard 

Error 

Raleigh  Test 
For 

Uniformity  3 

Small  Valleys 
Undifferentiated 

264 

N48W±  12.0 

0.39 

6.1 

0.00 

Faults  and  Fractures 

83 

N49E 

0.19 

23.1 

0.05 

Thrust  Faults 

56 

N63W  ± 11.2 

0.75 

5.7 

0.00 

Vector  mean  is  arctan  [X/Y];  X = X cos  ©j;  Y = £ sin  ©;;  shown  with  95%  confidence  intervals 

2 Strength  of  vector  mean  is  R/n,  where  R = [X2  + Y2]1/2 

3 Raleigh  statistic  is  exp  -[R2/"];  for  Raleigh  values  <0.05,  the  uniform  vector  distribution  hypothesis  is 

rejected  at  the  0.05  level  of  significance 


Thus,  valleys  in  Aeolis  commonly  occur  in  N to  NW  orientations;  the  vector  mean  is 
N48W  ± 12  (95%  confidence  interval).  The  56  inferred  thrust  faults  exhibit  quite  similar 
orientations,  with  a vector  mean  of  N63W  ± 1 1 (95%  confidence  interval).  The  uniform 
distribution  hypothesis  for  both  valleys  and  thrust  faults  can  be  rejected  at  the  0.05 
significance  level,  and  the  confidence  intervals  about  both  means  overlap.  These  results  are 
compatible  with  the  inference  that  valley  growth  in  Aeolis  was  affected  by  pre-existing  or 
syngenetic,  NW-oriented  faults  and/or  fractures. 


In  summary,  the  Viking  Orbiter-based  mapping  indicates  that  fluvial  valleys  in  Aeolis 
exhibit  strong  preferred  alignment.  Such  alignment  is  suggestive  of  regional  structural 
controls  over  valley  location.  This  supports  the  general  conclusion  that  headward  spring 
sapping  is  important  in  valley  genesis  [Pieri,  1980],  Also,  evidence  exists  on  many  individual 
Viking  frames  for  ancient  volcanic  activity  near  many  Aeolis  valleys.  Probable  fissure 
eruption  ridges,  exhumed  lava  sills,  and  collapsed,  karst-like  morphologies  all  occur  within  the 
fluvially  dissected  plateau  sequence,  and  suggest  the  occurrence  of  extensive  subsurface 
igneous  activity.  Much  of  this  volcanism  may  have  occurred  coevally  to  the  emplacement  of 
the  ridged  volcanic  plains,  and,  perhaps,  to  valley  development.  A possible  model  is  that,  in 
response  to  effusive  volcanism  in  ice-rich  terrains,  intermittent  hot  spring  discharges  occurred 
at  tributary  valley  headwalls  within  the  plateau  sequence.  Such  discharges  then  carved  the 
valleys  through  a combination  of  down-valley  fluid  flows  and  headward  erosion  along  the 
conduit  faults  and  fractures. 
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MORPHOMETRY  OF  PLANIMETRIC  LANDFORMS 

Alan  D.  Howard,  Department  of  Environmental  Sciences,  University  of  Virginia,  Charlottesville,  VA 
22903 


Many  landforms  are  well  characterized  by  their  planimetric  outlines.  Examples  include  the 
outlines  of  escarpments  and  deep  valleys,  the  shorelines  of  islands  or  lakes,  the  edges  of  basalt  flows, 
drumlins,  fluvial  islands,  some  dune  types,  meteoric  impact  basins,  tectonic  basins  and  collapse 
depressions  (sinkholes,  periglacial  alases,  etc.).  In  some  cases,  such  as  remotely  sensed  images  of 
planets  and  satellites,  little  other  information  is  available.  A suite  of  statistical  measures  of  planform 
geometry  are  introduced  below  for  landforms  that  exhibit  systematic  features  but  which  display 
considerable  superimposed  irregularity.  These  techniques  are  applicable  to  both  closed  forms  (e.g. 
islands  or  buttes)  and  open  forms  (many  escarpments,  valley  systems,  local  shorelines,  etc.). 

Several  types  of  spatial  "time"  series  analysis  are  defined  and  are  generally  applicable  to  any 
"wiggly"  line.  They  start  from  an  outline  of  the  landform  digitized  with  a constant  step  length  that  is 
short  enough  to  accurately  portray  the  smallest  features  of  the  planfonn  that  are  of  interest  (or  are 
resolvable).  Several  statistical  measures  are  made  directly  from  the  digitized  trace.  Each  successive 
three  points,  or  nodes,  defines  a local  trace  curvature  at  the  central  node.  The  first  four  statistical 
moments  are  calculated  for  the  curvatures  of  the  trace.  The  spectrum  of  the  direction  senes  is  also 
calculated,  and  characterized  by  the  wavelength  of  the  spectral  peak,  the  average  period,  and  the 
standard  error  of  the  spectral  variance.  The  curvature  or  direction  series  can  also  be  examined  for 

regularity  by  fitting  of  low-order  ARMA  models  [1]. 

Another  time  series  technique  involves  separation  of  the  trace  into  "runs"  of  nearly  constant 
curvature,  similar  to  [2].  A run  is  terminated  and  a new  run  started  when  the  absolute  value  of  the 
difference  between  the  next  curvature  in  the  series  and  the  cumulative  average  curvature  of  the  run 
exceeds  a pre-assigned  critical  value.  The  runs  can  be  statistically  characterized  by  their  length,  their 
average  curvature  or  cumulative  direction  change,  and  sense  (left-  or  right-bending)  as  well  as  the 
magnitude  and  direction  of  change  between  runs.  The  analysis  can  also  be  conducted  for  different 

thresholds  of  curvature  change.  . , , 

An  additional  method  models  the  scarp  as  a time  series  of  curvature  values  characterized  by 

stochastic  disturbances  of  a small  set  of  the  individual  curvature  values  by  large  deviations  drawn  from 
a normal  population.  The  curvature  values  between  these  disturbances  are  modeled  as  decaying 
exponentially  from  the  disturbed  values.  This  gives  a three-parameter  model,  where  the  parameters 
measure  1)  the  magnitude  of  the  large  disturbances,  2)  the  linear  density  of  the  disturbances,  and  3)  the 
rapidity  of  lateral  decay  of  the  disturbances.  Statistical  estimates  of  the  model  parameters  are  used  to 

characterize  the  scarps.  . r . 

The  remaining  procedures  employ  successive  generalization  of  the  original  curve.  ine,tirst 

method  (termed  here  "path-cutting")  employs  a uniform  "caliper"  that  walks  along  the  curve,  creating  a 
new  series  of  nodes  (Figure  1)  defined  by  the  successive  closest  intersections  of  the  original  trace 
(including  the  straight-fines  between  the  digitized  points)  with  the  caliper.  The  length  of  the 
generalized  trace  is  also  measured,  and  if  the  original  curve  is  closed,  the  enclosed  area  and  a shape 
factor  (area  divided  by  the  square  of  the  length)  are  also  determined.  The  initial  caliper  length  is  twice 
the  original  digitizing  interval,  and  successive  generalizations  of  the  original  trace  are  made,  with  the 

caliper  increasing  in  length  by  factors  of  two. 

The  second  technique  ("convex-stepping")  also  uses  a caliper,  but  employed  differently.  1 he 
caliper  is  centered  on  a node  and  rotated  counter-clockwise  (assuming  the  inside  of  the  landform  lies  to 
the  left  side  when  moving  from  the  beginning  to  the  end  of  the  trace),  starting  from  the  direction 
pointing  toward  the  node  preceding  the  present  node.  When  the  rotating  line  defined  by  the  caliper 
points  first  intersects  a node  on  the  original  curve,  that  intersected  node  becomes  the  next  node  on  the 
generalized  curve,  and  the  process  is  repeated  from  the  new  node.  Where  the  generalized  curve 
creates  shortcuts  between  two  non-successive  nodes  on  the  original  curve  (Figure  2),  a valley  is  defined. 
Each  valley  can  be  characterized  by  its  area,  length  (the  length  is  defined  as  the  longest  perpendicular 
distance  from  a node  on  the  original  curve  to  the  short-cutting  fine),  and  perimeter,  which  includes  the 
short-cutting  fine  segment.  Shape  factors  can  also  be  calculated.  As  with  the  previous  technique,  the 
caliper  length  is  incremented  by  successive  factors  of  two,  with  valley  statistics  being  collected  for  each 
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generation  of  caliper  length.  Eventually,  for  a long-enough  caliper,  the  generalized  curve  becomes 
completely  convex  relative  to  the  landform  inside  (Figure  2). 

|A  CUrVC  generalization  can  be  made  by  rotating  the  caliper  in  the  opposite  sense,  interior 

to  the  landform.  This  generalization  defines  headlands,  or  projections,  which  can  also  be  measured  by 
length,  area,  shape  and  perimeter. 

The  convex  stepping  approach  has  similarities  to  fractal  modeling  of  form  outlines  [3-7],  which 
assumes  that  a path  develops  by  successive  generations  of  elaboration  of  an  original  curve  either 
regularly  or  stochastically.  The  valleys  or  headlands  defined  by  a path-cutting  caliper  can  be  considered 
to  be  a kind  of  elaboration  of  the  generalized  curve. 

Several  measures  were  devised  to  gauge  orientation  effects  introduced  by  structural  influences 
(joints,  faults,  etc).  Each  valley  and  each  unit  step  along  the  landform  profile  is  be  characterized  as  a 
vector  and  summarized  into  orientation  categories.  Several  types  of  statistical  parameters  are  defined 
based  upon  the  orientation  data,  including  landform  asymmetry. 

These  above  techniques  yield  a vast  amount  of  raw  information  that  must  be  summarized  by 
statistical  parameters.  The  first  level  of  generalization  employed  here  is  to  summarize  the  valley  and 
headland  lengths,  areas,  and  perimeters  (and  derivative  width  and  shape  parameters)  by  size  classes. 
The  amount  of  information  is  still  vast,  since  it  is  measured  for  a range  of  caliper  lengths.  To  condense 
this  data  further,  the  values  of  the  several  parameters  are  examined  as  a function  of  the  logarithm  of 
the  caliper  length.  Most  parameters  or  their  logarithms,  increase  fairly  regularly  with  caliper  length  so 
that  their  behavior  can  be  characterized  by  their  rate  of  change,  or  slope,  with  respect  to  the  caliper 
and  their  intercept  at  a particular  caliper  length.  Some  parameters  (particularly  those  related  to  valley 
shape)  show  a maximum  or  minimum  at  a particular  caliper  length.  Such  parameters  can  be 
c aracterized  by  their  extreme  value  plus  the  caliper  length  of  the  minimum  or  maximum.  Similarly 
other  parameters  exhibit  a maximum  rate  of  change  at  a particular  caliper  value.  Parameters  showing 
a maximum,  minimum,  or  maximum  rate  of  change  are  also  useful  in  defining  a natural  scale  measure, 
or  metric  , that  is  presumably  independent  of  the  digitizing  length.  This  metric  can  be  used  to 
normalize  parameters,  such  as  curvature,  that  have  a characteristic  length  dimension. 

These  parameters  have  been  used  to  comparing  terrestrial  scarp  and  valley  systems  though  to 
originate  by  scarp  back  wasting,  sapping  processes,  and  fluvial  incision,  as  well  as  theoretical  models  of 
t ese  processes.  The  suite  of  parameters  has  a high  ability  to  discriminate  between  scarps  formed  by 
different  processes.  Figure  3 shows  the  use  of  the  database  to  perform  a discriminant  analysis  between 
various  simulation  models  of  scarp  evolution  [8]  as  well  as  a parallel  classification  of  terrestrial  scarps 
The  analysis  is  able  to  discriminate  between  the  different  types  of  scarps  primarily  using  one  function 
(Discriminant  Function  2).  A set  of  natural  meandering  streams  [9]  was  included  in  the  sample  to  test 
the  ability  of  the  morphometric  approach  to  isolate  these  from  the  various  types  of  escarpments.  The 
other  function  (Discriminant  Function  1).  is  primarily  devoted  to  (convincingly)  separating  these 
streams  from  the  scarps,  thereby  demonstrating  the  sensitivity  of  the  measured  variables  to  natural 
lorm  variations.  The  same  techniques  are  presently  being  applied  to  Martian  scarps. 
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Figure  1.  An  escarpment  outline  is  shown  Figure  2.  Successive  convex-stepping 

in  solid  line,  and  successive  patlrcutting  generalizations  of  a scarp.  Similar  generalization 
generalizations  in  patterned  lines.  be  done  within  the  interior. 


Figure  3.  Discriminant  classification  of 
natural  and  simulated  scarps  and  stream  meanders. 
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FLUVIAL  PROCESSES:  TOWARD  A MARTIAN  PARADIGM 

Victor  R.  Baker , Department  of  Geosciences  and  Department  of 
Planetary  Sciences,  University  of  Arizona,  Tucson,  Arizona  85721;  and 
Virginia  C.  Gulick,  Department  of  Geosciences,  University  of  Arizona, 
Tucson,  Arizona  85721. 

The  scientific  study  of  channels  and  valleys  on  Mars  was  initiated 
with  the  acquisition  of  Mariner  9 images  in  1971-72.  Following  this 
discovery,  studies  proceeded  in  three  phases  [1]:  (a)  early  work  relating 

morphological  attributes  to  probable  causes,  (b)  the  development  of 
explanatory  models  for  causative  systems  identified  in  phase  (a),  and 
(c)  revisionist  work  based  on  comparisons  of  model  implications  to  details 
of  planetary  morphology.  Much  of  the  research  has  been  guided  by 
analogies  with  fluid  systems  on  Earth,  the  only  other  planet  besides  Mars 
that  seems  to  have  exhibited  a dynamic  hydrological  cycle. 

As  Martian  fluvial  geomorphology  has  moved  into  its  revisionist 
phase,  it  has  become  apparent  that  Martian  channels  and  valleys  exhibit 
unusual  attributes,  at  once  strangely  similar  to  Earth  forms  but  also 
uniquely  Martian.  The  Martian  outflow  channels,  for  example,  display  a 
complex  of  morphologies  most  consistent  with  cataclysmic  flooding  as  a 
single  explanation  [2,  3,  4].  However,  local  sections  of  channel  display 
depositional  forms  similar  to  those  produced  by  debris  flowage  [5]  and 
erosional  forms  similar  to  those  produced  by  glaciation  [6,  7]. 

As  various  models  of  channel— forming  processes  have  been  matched  to 
available  morphological  data  on  Mars,  we  have  identified  some  probable 
effects  of  the  Martian  environment  of  low  atmospheric  pressure,  low 
temperatures,  and  low  gravity  in  comparison  to  Earth.  Water  for  outflow 
channel  formation  was  probably  released  both  as  outburst  floods  and  as 
slower  seepage  from  subsurface  reservoirs.  Many  channels  seem  to  have 
grown  headward  by  collapse  of  surface  layers  as  fluid  was  removed. 

Present  zones  of  chaotic  terrain  are  probably  the  last  vestige  of  such 
headward  growth,  in  which  the  youngest  flows  eroded  away  downstream 
elements  of  collapse  morphology. 

The  surface  water  encountered  a low-pressure  environment  that  favored 
cavitation  in  high-velocity  flood  flows  [8].  Rock  resistance  to  erosion 
was  critical  in  determining  sediment  concentration.  At  low  sediment 
concentrations  flood  flows  would  be  macroturbulent , enhancing  scabland 
®*~osion  processes  [8].  Erodible  materials,  however,  would  be  readily 
entrained.  The  combination  of  low  gravity  and  high  stream  power  [9]  could 
yield  extremely  high  sediment  concentrations  in  Martian  floods  [10].  The 
enhanced  capacity  might  easily  lead  to  transitional  behavior  to  hypercon- 
centrated streamflow,  inertial  slurries,  and  inertial  granular  flows 
(terminology  of  Pierson  and  Costa  [11]).  Mobilized  sediment  was  probably 
emplaced  as  widely  distributed  deposits  in  the  northern  plains  [12,  13], 
and  temporary  water  bodies  of  regional  extent  seem  likely  at  times  of 
outburst  flooding. 
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Outflow  flooding  probably  also  engendered  considerable  ice  plated 
activity.  Transitions^ rom  water  to  frazil  ice  to  surface  tee  sheets  and 
ice  drives  are  likely  to  have  occurred  in  cataclysmic  outbursts  [8  , w 
local  freezing  to  ice  masses  may  have  occurred  for  slower  seepage 
Althougi^not  strictly  glaciers  by  definition,  such  transient  seepage-fed 
ice  masses  might,  in  theory,  move  by  plastic  flow  and  be  intimately 
associated  with  ponded  and  released  water  floo  s* 

The  movement  of  sediment-laden  water  undergoing  freezing  would 
locally  emplace  ice-rich  sedimentary  deposits.  Subsequent  sublimation  of 
interstitial  ice  might  lead  to  exotic  erosion  of  the  fluvial  sediments, 
observed  on  the  northern  plains  and  in  Mangalla  Vallis. 

Martian  valley  networks  also  have  unusual  attributes.  The  assumption 
that  Martian  valleys  form  by  Earth-like  rainfall-runoff  processes  has  led 
to  theoretical  models  of  early  atmospheric  evolution,  deducing  a warm,  wet 
paleoclimate  from  the  primodial  development  of  a dense  C02 
U4  15].  However,  in  conflict  with  this  scenario  is  the  remarkably  low 

drainage  density  of  Martian  valleys  [16]  and  abundant  evidence  for  a 
sapping  origin  of  the  more  ancient  valley  networks.  Sapping  may  be 
faacmta?edSby  the  endogenetic  mechanism  of  hydrotherma  circu la tion 
[17,  18]  rather  than  the  exogenetic  mechanism  of  rainfall  and  recharge 

The  most  Earth-like  valley  networks  on  Mars  occur  locally  on  the 
northern  flank  of  Alba  Patera  [19,  20],  a volcano  of  Amazonian . age . 

Alba  valleys  have  morphologies  consistent  with  possible  formation  by 
surf ace  rainfall-runoff  processes,  but  the  valleys  are  much  too  young  for 
explanation  by  the  model  of  a primordial  planet-wide  denser  atmosphere. 

The  Alba  valleys  and  those  on  other  Martian  volcanoes  [21,  22]  do 
show  similarities  to  Earth  analogs,  including  comparable  drainage 
densities  to  the  dry,  leeward  side  of  Hawaiian  volcanoes  [22  . The 

from  Ld  returned  to  subsurface  reservoirs  of  ground  ice  that  are  inferred 
from  many  kinds  of  geomorphological  evidence  l 

Because  outflow  channel  activity  occurred  approximately  coincident 
with  the  development  of  the  Alba  valleys,  it  is  possible  to  hypo  hesxze  a 
connecting  scenario.  For  present  topographic  constraints  [24 j , t 
minimum  amount  of  water  estimated  for  outflow  channel  erosio  \ 

have  formed  a temporary  body  of  water  on  the  n°rth"507M"5ianT^“^v”[[. 
an  average  depth  of  660  m and  a surface  area  of  1.2x20  km  . The  preva 
ing  winds  off  this  temporary  "ocean"  could  have  moved  sa^ated  air 
Alha  Patera  where  precipitation  on  the  rising  volcano  flanks  would 
rapidly  infiltrate  the  permeable  rocks.  Locally,  however,  ash  mantling 
probably  facilitated  the  development  of  rainfall  runoff  valley 
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The  widespread  ancient  valleys  of  the  heavily  cratered  terrains  can 
also  be  explained  by  local  heating  of  ground  ice,  resulting  in  hydro- 
thermal  systems  driven  either  by  impact  [17,  26]  or  volcanic  mechanisms 

8i*  U?less  this  cause  can  be  eliminated  as  a mechanism  of  Martian 
ley  formation,  models  of  denser  primordial  atmospheres  will  not  be 
necessary  to  explain  valley  development  on  Mars. 
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SIMULATION  MODELS  OF  SCARP  AND  VALLEY  DEVELOPMENT 

Alan  D.  Howard,  Department  of  Environmental  Sciences,  University  of  Virginia,  Charlottesville, 

22903 

The  Mariner  and  Viking  missions  have  revealed  widespread  occurrences  of  valley  systems  and 
scarps  of  diverse  morphology  on  Mars.  A variety  of  processes  have  been  suggested  to  have  created 
these  features,  including  faulting,  subsidence  due  to  permafrost  melting,  fluvial  erosion,  landsliding, 
liquifaction,  and  sapping  erosion.  Many  of  these  martian  landforms  have  been  shown  to  have 
morphometrically  similar  terrestrial  analogs.  However,  the  comparison  of  martian  and  terrestrial 
features  is  hampered  by  several  difficulties:  1)  Morphometric  comparisons  have  generally  been 

qualitative  or  have  employed  rudimentary  morphometric  parameters;  2)  Two  or  more  terrestrial 
processes  may  produce  similar  landforms;  3)  The  processes  responsible  for  the  terrestrial  analogs  may 
be  uncertain  or  the  evidence  circumstantial,  in  large  part  due  to  the  slowness  or  sporadic  occurrence  o 
the  formative  processes  (for  example,  the  evidence  for  the  role  of  groundwater  sapping  in  creating  the 
valley  systems  on  the  Colorado  Plateau  [1,2]  is  largely  circumstantial);  and  4)  Appreciable  scale 
differences  may  be  present  between  the  martian  landform  and  its  presumed  terrestrial  analog. 

TTie  Present  Approach:  Laboratory  experimentation  and  theoretical  modeling  offer  more 

fundamental  methods  to  inter-compare  surface  processes  and  their  morphological  products 
Theoretical  approaches  offer  the  advantage  of  being  able  to  numerically  scale  processes  and  material 
properties.  In  addition,  temporal  and  spatial  boundary  conditions  can  be  arbitrarily  varied.  However, 
theoretical  modeling  is  limited  to  circumstances  where  the  physical  processes  are  understood  and  may 
be  compromised  by  numerical  errors  or  inadequacies  of  model  structure.  Theoretical  models  are 
reported  below  that  simulate  development  of  scarps  and  valley  systems  in  layered  rocks  by  scarp 
undermining,  sapping  erosion,  and  fluvial  erosion.  Three  types  of  theoretical  models  have  been 
developed  to  date:  scarp  backwasting,  fluvial  downcutting,  and  g-oundwater  sapping. 

Scarp  Backwasting:  Layered  sedimentary  or  igneous  rocks  of  diverse  erosional  resistance  are 
nearly  universally  eroded  into  escarpments  capped  by  resistant  layers  and  bordered  by  cliffs  created  by 
lateral  undermining  of  the  resistant  layer  by  erosion  of  an  underlying  weaker  layer.  Several  processes 
may  be  involved  in  the  undermining,  including  weathering  and  erosion  of  the  weak  layer,  which  trigger 
rockfalls  or  landslides  in  the  superjacent  resistant  layer.  The  rate  of  backwasting  depends  upon  severa 
factors,  including  the  weatherability  of  the  weak  layer,  the  steepness  and  height  of  the  scarp,  and  the 

ease  of  weathering  and  erosion  of  caprock  debris.  . . 

A simple  first-order  numerical  model  of  scarp  backwasting  lumps  these  factors  into  a single 
"erodibility",  which  is  assumed  to  vary  randomly  from  location  to  location.  The  erodibility  is  ^ss‘une 
to  be  self-similar,  or  fractal,  with  variations  at  both  large  and  small  scales.  The  spatial  variability  o 
erodibility  is  characterized  by  three  parameters,  an  average  value,  a variance,  and  a rate  of  change  of 
variance  with  scale.  The  rate  of  lateral  backwasting  is  assumed  to  be  linearly  dependent  upon  the 
erodibility  Figure  1 shows  a plan  view  of  successive  scarp  positions  starting  from  a square  mesa  . 
Scarps  produced  by  this  type  of  backwasting  are  characterized  by  sharply  terminating  projections  and  broad 
reentrants,  with  reentrants  produced  by  erosion  through  more  erodible  rocks.  _ 

In  some  cases  the  projections  of  natural  scarps  are  rounded  rather  than  sharply  pointed  This 
suggests  that  the  lateral  erosion  rates  on  the  projections  are  enhanced  relative  to  straight  or  concave 
portions  of  the  scarp.  Several  mechanisms  may  account  for  this.  The  rate  of  erosion  of  many  scarps  is 
limited  by  the  rate  that  debris  shed  from  the  cliff  face  can  be  weathered  and  removed  from  the 
underlying  rampart  on  the  less  resistant  rocks.  Debris  from  convex  portions  of  scarps  (projections)  is 
spread  over  an  larger  area  of  rampart,  so  that  weathering  rates  may  be  enhanced.  Another  mechanism 
leading  to  enhanced  erosion  rates  of  projections  is  that  they  commonly  stand  in  higher  relief  than 
reentrants,  leading  to  longer  and/or  steeper  rampart.  Finally,  some  scarp  caprock  may  be  eroded  by 
undermining  due  to  outward  creep  or  weathering  of  the  rocks  beneath  the  caprock.  Both  processes  are 
enhanced  at  convex  scarp  projections.  Figure  2 shows  a model  scarp  in  which  backwasting  rates  are 
enhanced  by  scarp  convexity  and  restricted  by  concavity,  and  Figure  8 shows  a similar  natural  scarp. 

Fluvial  Downcutting:  Most  natural  escarpments  exhibit  more  pronounced  reentrants  than  are 
created  by  pure  scarp  backwasting.  One  process  creating  such  reentrants  is  downcutting  by  streams 
originating  on  the  top  of  the  escarpment  and  which  pass  over  the  front  of  the  escarpment.  This  is 
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numerically  modeled  by  superimposing  a stream  system  onto  the  simulated  scarp  and  allowing  it  to 
downcut  through  time.  If  a resistant  layer  is  present,  the  stream  develops  a profile  characterized  by  a 
low  gradient  section  developed  upon  the  top  of  the  resistant  layer  and  a very  steep  section  (rapids  or 
falls  in  natural  streams)  which  rapidly  cuts  headward.  Erosion  is  assumed  to  be  proportional  to  the 
product  of  the  bed  erodibility  and  the  average  channel  bed  shear  stress.  Figure  3 shows  a simulated 
scarp  eroded  both  by  fluvial  downcutting  and  scarp  backwasting,  and  Figure  4 is  similar  but  with 
convexity-enhanced  scarp  backwasting.  Figures  9 and  10  are  natural  scarps  similar  to  Figures  3 and  4, 
respectively.  Scarp  morphology  is  similar  to  that  produced  by  scarp  backwasting,  with  the  addition  of 
several  deep  reentrants  characterized  by  a gradually  narrowing  width  and  projections  that  are 
sharply-pointed  in  the  linear  case  and  rounded  in  the  convexity-enhanced  case. 

Groundwater  Sapping:  Strong  evidence  suggests  that  groundwater  sapping  is  an  important 
agent  of  backwasting  of  certain  southwestern  U.S.  escarpments,  with  the  suggestion  that  similar  scarps 
and  valley  systems  on  Mars  have  been  eroded  by  similar  processes  [1,2].  A simulation  model  of  scarp 
backwasting  by  groundwater  sapping  assumes  a planar  caprock  aquifer  (that  may  be  tilted)  with 
uniform  areal  recharge  and  a self-similar  areal  variation  in  permeability.  The  rate  of  sapping 
backwasting,  E,  is  assumed  to  depend  upon  the  amount  by  which  the  linear  discharge  rate  at  the  scarp 

face,  q,  exceeds  a critical  discharge,  q<y.  E = K (q  - qc)  , where  a is  an  exponent.  Scarp  erosion  is 
simulated  by  solving  for  the  groundwater  flow,  eroding  the  scarp  by  a small  amount,  with  repeated 
iterations.  Figure  5 shows  a simulated  scarp  with  qc= 0 and  a=l.  Figure  6 shows  a case  with  qc=0  and 
o=2.  Figure  7 shows  a case  with  <?c=0>  a = 2,  and  superimposed  scarp  backwasting.  Figure  11  is  a 
natural  scarp  in  Navajo  Sandstone  thought  to  be  formed  largely  by  sapping  [2],  Valleys  developed  by 
groundwater  sapping  tend  to  be  linear  or  crudely  dendritic,  with  nearly  constant  width,  and  rounded  rather 
than  sharp  terminations. 
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AN  UNUSUAL  MARTIAN  CHANNEL 

David  H.  Scott  and  Mary  G.  Chapman,  U.S.  Geological  Survey,  Flagstaff, 
Arizona  86001 

Fluvial  channels  on  Mars  are  commonly  referred  to  as  either  "outflow"  or 
valley  system  channels  (1,2, 3, 4).  Both  types  were  initiated  by  different 
processes  and  at  different  times  in  Martian  history.  Their  morphologic 
characteristics  are  distinctive.  Outflow  channels  and  their  floodplains  cover 
broad  areas,  extend  for  hundreds  of  kilometers,  and  contain  streamlined  bars 
and  island  remnants.  The  channels  were  carved  by  catastrophic  floods  (5,6) 
that  probably  originated  from  ground-ice  melt  waters  within  faulted, 
collapsed,  or  chaotic  terrains  in  highland  regions.  Most  outflow  channels 
range  from  Hesperian  to  Amazonian  in  age  (7,8,9).  Valley  system  channels  form 
narrow,  sinuous  networks  that  lace  the  ancient  highlands  around  large  crater 
rims  and  hilly , mountainous  regions.  Some  investigators  consider  valley 
system  channels  to  be  very  old  (Noachian)  because  of  their  concentration  in 
cratered  highland  regions  (1,2,3,10).  However,  small  channels  are  difficult 
to  date  by  stratigraphic  or  crater  count  methods^  they  may  have  a very  wide 
age  range  from  Noachian  to  Amazonian  (7 ,8,9).  Valley  system  channels  may  have 
been  produced  by  precipitation  from  a warmer  and  more  dense  Martian  atmosphere 
(8,11). 

Geologic  studies  of  the  Memnonia  region  of  Mars  using  high-resolution 
Viking  images  has  revealed  a narrow,  very  young  (Amazonian)  channel  that  has 
the  morphologic  attributes  of  large  outflow  channels  yet  compares  in  size  with 
many  small  valley  system  channels.  Photoclinometric  profiles  show  that  the 
channel  gorge  is  relatively  deep  (80  m)  with  respect  to  its  width  (1.0  km). 

At  its  terminus  the  channel  fans  out  to  form  a broad  discharge  area  with 
distributaries  that  enclose  streamlined  bars  or  islands.  Unlike  other  Martian 
channels,  its  source  area  is  in  the  lowlands  where  the  upper  reaches  of  the 
channel  closely  follow  the  contact  between  the  Medusae  Fossae  Formation  of 
Amazonian  age  and  Hesperian  ridged  plains  material  (7).  The  Medusae  Fossae 
Formation  is  postulated  to  consist  of  a series  of  ash-flow  tuffs  (7,12). 

Within  the  apparent  source  area  of  the  channel,  hummocky  disintegrated 
material  grades  into  the  base  of  the  lower  member  of  the  Medusae  Fossae 
Formation.  This  hummocky  terrain  may  have  been  produced  by  the  melting  of 
near-surface  ground  ice  and  release  of  water  where  the  hot  ash  flow  over-rode 
the  ridged  plains  material.  Other  possible  sources  for  the  water  that  carved 
the  channel  are  possible,  but  difficult  to  envisage.  Similar  type  channels 
may  exist,  but  their  detection  will  depend  upon  the  examination  of  high- 
resolution  Viking  images. 
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RELEASE  OF  MARTIAN  CATASTROPHIC  FLOODS  BY  FRACTURE  DISCHARGE  FROM 
VOLCANOTECTONIC  REGIONS;  Kenneth  L.  Tanaka  and  David  J.  MacKinnon,  U.S. 
Geological  Survey,  2255  N.  Gemini  Dr.,  Flagstaff,  Arizona  86001 

Carr  [1]  proposed  that  catastrophic  floods  produced  Martian'  outflow 
channels  through  discharges  from  highly  permeable,  confined  aquifers  made  up 
of  brecciated  lava  flows.  On  the  basis  of  a study  of  impact  fracturing,  we 
think  that  fractured  basement  (probably  mafic  igneous)  rocks  have  even  greater 
permeabilities  than  brecciated  lava  flows  [2].  Here  we  present  topographic, 
structural,  and  other  geologic  evidence  that  indicate  that  a group  of  outflow 
channels  were  formed  by  catastrophic  release  of  water  from  open  fractures  as  a 

result  of  volcanotectonic  activity. 

Our  model  for  Martian  crustal  hydraulic  properties  [2]  is  based  on 
fracture  and  ejecta  distributions  generated  during  heavy  bombardment.  We 
suggest  that  Martian  basement  rocks  broken  by  impacts  mag  have  fracture 
porosities  as  high  as  10  to  20%  and  permeabilities  of  10  to  10  darcies; 
these  values  greatly  exceed  those  of  porous  sedimentary  rocks.  The  discharge 
rate  of  water  through  fractures  is  a function  of  water  viscosity,  fracture 
density  and  width,  hydraulic  gradient,  and  flow  turbulence.  The  fractured 
basement  generally  is  covered  by  poorly  sorted  ejecta  material  haying  low  . 
inherent  permeability  that  may  be  further  reduced  by  freezing  of  interstitial 
water  (as  proposed  by  Carr  [1]). 

For  outbreak  to  occur,  pore-water  pressure  in  the  fractured  basemen 
rocks  must  exceed  hydrostatic  (i.e.,  artesian)  conditions.  Given  this,  we 
visualize  two  principal  release  mechanisms  [2].  First,  pore  pressure  buildup 
in  the  fractured  zone  until  it  exceeds  the  overburden  pressure  of  confining 
deposits  and  outbreak  occurs,  similar  to  the  model  of  Carr  [1].  Because  of 
the  high  permeability,  fracture  discharges  would  be  sudden,  widespread,  an 
short-lived.  Chaotic  terrain,  debris  flows,  and  hyperconcentrated  floods  may 
initially  be  generated,  as  ejecta  material  is  eroded  away,  followed  by  less 
sediment-charged  floods  as  channels  formed.  Such  outbreaks  may  explain  most 
chaotic  and  channeled  terrains  south  of  Chryse  Planitia  and  north  and  east 

areas  of  the  Valles  Marineris  region  [1]. 

The  second  release  mechanism  is  to  rupture  the  confining  layer  above  the 
fractured  basement  rocks.  Mechanical  models  for  extensional  fracturing  in  the 
Martian  crust  indicate  that  tension  cracks  may  have  formed  in  basement  rock  to 
relieve  tectonic  stresses,  resulting  in  fracturing  and  collapse  of  the 
confining  rocks  [3].  Initial  discharges  would  be  accompanied  by  rapid 
erosional  enlargement  until  catastrophic  discharges  were  attained.  The  most 
propitious  sites  for  such  discharge  would  be  where  cracks  are  aligned  with  the 
dip  direction  of  the  permeable  strata.  On  Mars,  areas  of  tectonic  uplift  have 
produced  raised,  outward-dipping  strata  commonly  cut  by  radial  fractures. 

We  identify  five  areas  of  fracturing  near  volcanotectonic  rises  [4]  that 
served  as  sources  of  Martian  outflow  channels.  Surface  gradients  along  the 
proposed  source  fractures  and  maximum  lengths  and  rises  of  the  fractures  m 
terrain  adjacent  to  the  breakout  (including  sections  that  may  be  buried)  are 
shown  in  Table  1.  Each  of  the  examples  appears  to  be  connected  hydraulically 
by  fracturing  to  large  elevated  areas  of  the  Tharsis,  Valles  Marineris,  and 
Elysium  rises.  (1)  The  fractures  at  Mangala  Valles  originate  from  a graben  of 
Memnonia  Fossae  [5]  that  radiates  from  the  vicinity  of  Arsia  Mons;  the  point 
of  discharge  is  in  a regional  trough.  (2)  Shallow  channels  emanate  from  some 
fractures  of  Sacra  Fossae  that  cut  a large  mesa  of  ridged  plains  material  m 
lower  Kasei  Valles.  These  fractures  are  eroded  into  V-shaped  grooves  of 
varying  widths;  they  do  not  have  the  flat  floors  as  do  nearby  grabens.  The 
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lolnSTli  WhTHh  are  °rifnted  radial  to  Tharsis,  have  been  interpreted  to  be 
join _s  13].  The  original  plateau  surface  west  of  the  fractures  has  been 

blseTon  nl^el  Valles  erosion,  and  so  the  gradient  (Table  1)  estimate  was 
based  on  plateau  surfaces  to  the  north  and  south.  (3)  West  of  Gangis  Chasma 

end  Sf  ° ” channels  originate  from  large  pits.  These  pits  are  at  Hie 

end  of  a chain  of  widely  separated  pits  that  ends  at  Candor  Chasma.  The  pits 
may  have  been  formed  by  surface  collapse  in  rocks  above  buried  tension  cracks 
[3].  Enlargement  of  fractures  and  pit  formation  at  some  channel  sources  may 

bv  th°CHUrr^d  pipLng  (Ln  whlch  P°orly  consolidated  material  is  eroded  away 
a- ^charging  water).  (4)  Confined  outflow  channels  in  Utopia  Plani^ia 
were  discharged _ from  Elysium  Fossae  along  the  periphery  of  flows  from  Elysium 
* 'S  PerxP^ry  forms  a distinct  boundary  between  relatively  flat  plains 
and  the  sloping  Elysium  rise.  (5)  The  youngest  known  outflow  channel  on  Mars 
appears  to  originate  from  the  west  ends  of  two  main  fractures  of  Cerberus 

fracturL  areSradUrL“rk  ElySiUm  l6]  * These  long'  curvilinear 

rractures  are  radial  to  the  southern  part,  of  the  rise 

Hisv  ?lth°U9h  l0Ca^  stratigraphic  controls  vary  in  precision,  it  is  possible 
-ha  fracturing  and  discharge  were  coeval  in  each  case.  Most  of  the^xamples 

elch  of'etheseerian  ^ AmaZ°nian  in  a?e'  when  volcanotectonic  activity  at 

: freas  Was  intanse  t7]-  A pulse  of  activity  is  associated 

wi^the  Late  Amazonian  Cerberus  Rupes  channel,  when  Cerberus  Rupes  and 

possibly  some  volcanic  rocks  on  Elysium  Mons  formed  (8].  Most  Martian  valley 

lTrrT„‘^nT'4Tr■  *Ct"”ohl"  l"  *9*  originate  in  ancient  cratered  * 
terrain  [7] . We  speculate  that  the  Noachian  climate  was  warm  enough  to  enable 
ground  water  to  exist  in  near-surface  materials,  whereas  by  early  HesperUn 

ci"rcu^ti^°owinartUnd  pr°pOSed  b* I1]  developed.  Uplift  or  hydrothermal 
rocks  beZ  l activity  then  produced  local,  artesian  heads  in 

art„,_  the  frozen  ground  at  the  periphery  of  volcanotectonic  rises.  The 

artesian  conditions  were  probably  short-lived;  we  have  not  found  examples 

oitfL^chan  frCtU— 9 ha%CauSed  outt>reak  (although  some  relatively  young 
, ' annels  originate  from  ancient  craters).  Rather,  outbreak  ensued 

where  the  aquiclude  was  ruptured  by  tectonic  fracturing. 
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SUrfaC!  rdientS  °f  pr°P°8ed  source  fractures  and  maximum 

Igngths  and  rises  of  fractures  in  areas  near  volcanotectonic  rises. 

°UrCe  . Gradient Maximum  length  Maximum  rise* 

(nse/length) (km) (km) 


Memnonia  Fossae  — east  1/250 

(Mangala  Valles)  — west  1/200 

Sacra  Fossae  (Kasei)  1/400-500 

Pits  west  of  Gangis  Chasma  1/250-300 

Elysium  Fossae  1/80 

Cerberus  Rupes 1/350 


1500+ 
200 
500+ 
600-800 
400-500 
700 


♦Accuracy  varies  from  a few  hundred  meters  to  about  one"  kilometer 


5+ 

1 

1 + 
3 

5+ 

2 
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LOWER  MAJA  VALLIS:  J.  W.  Rice,  S.  M.  Archibald,  and  R.  A.  De  Hon,  Department  of 
Geosciences,  Northeast  Louisiana  University,  Monroe  LA  71209. 

The  Eastern  Lunae  Planum  Outflow  Complex  (1,2,3)  extends  from  chaotic  terrain  of  Juventae 
Chasma  (-2  ; 62°)  northward  along  the  Lunae  Planum — Xanthe  Terra  contact.  Eleven  hundred 
kilometers  to  the  north  it  turns  eastward  across  Xanthe  Terra  and  onto  Chryse  Planum.  This 
outflow  complex  is  divided  into  three  distinct  systems:  the  Upper  Maja  System  (2),  the  incised 
channels  of  the  Maja,  Vedra,  Maumee  and  Bahram  Valles,  and  the  unconfined  flow  of  Lower  Maja 
across  Chryse  Planitia.  The  erosional  and  depositional  features  of  the  Eastern  Lunae  Planum 
Outflow  Complex  suggest  that  it  was  formed  over  a short  period  of  time  by  catastrophic 
flooding — analogous  to  the  channeled  scablands  of  Eastern  Washington  (4). 

The  southern  reaches  of  the  Upper  Maja  Vallis  are  composed  of  deeply  incised  anastomosing 
channels.  Northward,  the  flow  exhibits  erosional  scours,  probable  depositional  bars,  and 
streamlined  residual  uplands  as  it  spreads  laterally  (2).  Shallow,  rimless  depressions  in  this 
region  (9°;  58.5°)  may  be  analogous  to  terrestrial  thermokarst  alases  (3).  Small  patches  of 
chaotic  terrain  <Ister  Chaos,  12°;  53.5°)  along  the  eastern  edge  of  the  broad  trough  acted  as 
secondary  sources  of  water.  Bedforms  in  the  confined  flow  of  the  canyon  section  include 
longitudinal  grooves,  cataracts,  erosional  scours  and  possible  pendant  bars  (2).  In  the  Chryse 
section,  numerous  small  anastomosing  channels  cut  the  surface  of  a broad,  low  cone  of  alluvia 
material  at  the  mouth  of  Maja  canyon.  Further  east,  multiple  channels  dissect  ridges  in  the 
plains-forming  material  of  Chryse  basin. 

The  initial  outflow  surged  northward  along  the  eastern  edge  of  Lunae  Planum  and  impounded 
on  the  plains  surface  U)  until  the  flood  crested  the  Xanthe  Terra  highlands  to  the  east  and 
spilled  eastward  toward  Chryse.  At  the  eastern  edge  of  Xanthe  Terra  (18  , 54°),  the  flood 
waters  ponded  behind  a high  standing  ridge  of  rugged  terrain.  This  Xanthe  catchment  basin  filled 
until  a diversion  channel  directed  the  flow  southward  and  eastward  around  the  barrier. 

Continued  influx  into  the  Xanthe  catchment  was  greater  than  the  outflow  in  the  diversion 
channel,  and  the  water  level  eventually  crested  the  barrier  ridge  to  spill  on  to  the  Chryse 
surface.  A gorge  was  rapidly  cut  though  the  ridge;  the  lake  was  drained;  and  the^diversion 
channel  was  abandoned.  An  alluvial  cone  was  built  at  the  mouth  of  the  gorge  <18  , 53.5^  as  the 
confined  flow  spread  laterally.  Waning  flow  across  the  fan  cut  numerous  small  distributary 
channels.  Flow  from  the  canyon  spread  across  the  western  edge  of  Chryse  to  be  come  ponded 
behind  the  wrinkle  ridges  (2).  The  Maja  fan  continued  to  develop  as  a fan-delta.  Again,  once 
lake  level  crested  the  ridges,  it  continued  to  spread  eastward  across  the  plains  surface. 

Water  on  the  Lunae  Planum  surface  was  not  completely  drained.  This  upper  lake  continued  to 
exist  after  the  canyon  section  was  incised  across  Xanthe  Terra.  Smooth  plains-forming 
materials  on  th  floors  of  some  craters  represent  lacustrine  deposition  within  flooded  craters. 
Benches  along  the  Xanthe  Terra  contact  (16°;  55.3°)  may  represent  wave  cut  graces  along  the 
shoreline,  and  secondary  channeling  of  the  Maja  fan  may  represent  episodic = the 

canyon.  Therefore,  the  upper  lake  was  drained  by  episodic  release  to  Maja  Vallis  and  by 
encroachment  of  Bahram  Vallis  by  headward  erosion  across  northern  Lunae  Planum. 

This  scenario  suggests  that  the  outflow  and  catastrophic  flooding,  as  with  most  consequent 
stream  systems,  was  temporarily  impounded  at  several  localities  along  its  course.  The  flow 
duration  was  extended  by  intermediate  storage  and  release  from  catchment  areas  and  by  influx 
from  secondary  sources  in  chaotic  terrains  along  the  middle  reaches  of  the  outflow  channel. 
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Hydrology  of  a Flow  Event  in  Kasei  Valles,  Mars;  Mark  s 

/?SCirte  °J  Ge°Physics>  University  of  Hawaii,  Honolulu,  Hawaii \ 
96822  and  Kenneth  L.  Tanaka,  U.S.  Geological  Survey,  Flagstaff,  Arizona,  86001. 

Kasei  Valles  is  one  of  the  largest  outflow  channels  on  Mars  [1,  2]  and  is  located 
-2000  km  north  of  Valles  Marineris  (250N,  70°W).  A fortuitous  combination  of  stereo 
low  sun-angle  (INA  > 700),  and  high-resolution  (45  m/p,  orbit  665A)  Viking  images 
has  allowed  us  to  investigate  the  topography  of  the  channels  in  Kasei  Valles 
integration  of  stereogrammetry,  shadow  measurements,  and  photogeology  permit 

the  production  of  a three-dimensional  model  of  a late-stage,  major  flow  event  in 

Kase,  Valles.  We  have  calcula.ed  average  velocity  and  peak  discharge  using 

hydraulic  equations  [3]  modified  for  Martian  gravity  [4].  g 

Stereogrammetric  profiles  were  taken  parallel  and  perpendicular  to  the 

honnm  °of  ,eh  mah  n°;thern  ;hanneI-  Profi!e  A (Fig-  1)  was  taken  to  examine  the 

bottom  of  the  channel  to  determine  if  any  anomalous  high  or  low  points  were 

present  We  found  that  as  the  channel  makes  a sweeping  turn  to  the  east  the 
channel  bottom  rises  (C.  Fig.l)  a,  leas,  350  n,  (5|.  Five  additional  profiles  were  'taken 
across  this  anomalous  rise  to  confirm  its  existence  and  to  determine  its  height 

Interpreting  the  origin  of  this  rise  is  critical  to  measurement  of  the  flow 
evenu  The  change  in  floor  relief  could  be  the  result  of  (1)  post-now  infilling  (2) 

post-now  tectonic  warping,  (3)  an  increase  in  the  physical  strength  of  chfnnel- 

th°e0rn^oarteof  th°er  rha  “ 1°™'  T"  ^ enCrgy'  A Set  °f  striatio"S-  etched  on 

he  floor  of  the  channel,  veer  up  and  out  of  the  main  channel  at  the  same  place  as 

he  bottom  rise  (Fig.  2).  We  interpret  these  striations  to  be  markers  of  The  pX  of 

*hJl  f1™  CVe  31  WC  TfT  ' If  the  ri$e  was  caused  by  deposition  after  the  How 
the  channel  natl°nS  wouId  be  covered;  they  are  not.  Secondly,  if  tectonic  warping  of 
oor  occurred,  then  the  two  main  stratigraphic  horizons  [5]  (pre-now 

event  m age)  m Kasei  should  also  be  deformed,  which  they  are  not.  If  a change  in 

actual5  (stren8th  °f  rock  units  making  up  the  floor  of  the  channel  at  the  rise 

rates  Las' Tv’  Lin  " a ha!e  , formed  as  a result  of  differing  crosional 

rates.  Las  'y.  locally  increased  turbulence  and  erosional  plucking  from  roller 

vortices  could  have  eroded  potholes  and  created  uphill  gradients  in  a catTstroolTc 

flow  Baker  has  discussed  similar  features  in  the  channeled  scablands  in  eastern 
Washington  State,  caused  by  the  catastrophic  Lake  Missoula  Hood  [2,  6]  On  the  bisis 

?.ovv  eSveentrgUmentS’  ^ "SC  t0  be  a"  °^"a»  ^reof  the  channd 

The  high-resolution  images  show  that  the  striations  are  continuous  from  the 

rVnT  °f  tH!i  channel,.uP  to  highest  definable  water  mark  wheTe  they 

are  deflected  around  streamlined  bars.  We  interpret  the  continuity  of  these 
striations  to  indicate  that  the  flow  was  a continuous  event.  If  a subsequent  flow 

eroded  the  channel,  the  striations  would  be  cross-cut  at  the  level  of  the  later  flow 

. Using  the  striations  as  a marker,  we  estimated  a minimum  flow  depth.  We  used 

the  strialion  that  occurs  at  the  highest  point  on  the  bar  (A,  Fig.  2),  measured  by  a 

stereo  profile  as  a marker  for  the  minimum  vertical  extent  of  the  peak  flow  From 

the  channel-floor  profile  (B,  Fig.  1)  across  the  rise  and  the  elevation  of  the  highest 
event*00  f"  * e stream,ined  bar»  we  estimated  a minimum  cross  section  of  the  flow 
siandarH  hTT  lp,S  Cr°SS.  sect,onal  area’  we  then  estimated  velocity  of  the  flow  using 

Average  SS  ofThe'Tn  ' ' adjUS"d  f°r  Manian  g,avi,)'  |4)'  Tl,c 
rcsDccnvHv  Thl  k,  , cr.°?s  s'ctl°"  measured  as  1280  and  374 

1^  the  rinse  of  40  so  ;velocl"'S  for  this  peak  flow  event  were  calculated  to  be 
i •,  ® of  40-50  m/sec.  From  the  measured  cross  section  and  calculated 

ve  oci  y,  we  estimated  a discharge  by  the  following  equation:  Q=AxV,  where 
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..  anA  V-V(*1nritv  13  41.  Due  to  insufficient  coverage  at 
Q=discharge,  A-cross  ’ determine  whether  strialions  occur  at  the  southern 

X ««.■£!  5-u  - — ,« 5 

'discharge^for  Timber  of  depths  ..  a, low  for  erosion  of  this  'unseen’ 
region  (up  to  400  m).  

-Too”  -400 

0.9  0.7  0.6 


Water  Level  (m)  0 -100 

Discharge  (m3/s  x 109)  14  10 


Table  1.  Change  in  calcuiaied  discharge  - “*vSS.  ^ 


compared  to  peak  discharge,  within  the  main 


Peak  discharge  in  Kasei  Valles  could  have  ranged  from  0.6  to  1.4  x \0?  mhscc 
and  cold  ^v=  h en  even  grealer.^u,  mTx  ,o‘" 

„mpar'Son.  pea^  ^ ^ ^ discharge  t0  be  , to  2 orders  of  magnitude 

6rCa,CTllheannex':as.e0pf  in' o!“ Zlys is' will  be  to  apply  ^’Tsing 

estimates  of  the  c.n?l.^c.p«a,  and  eros.ona  ra - wil,  d 

— e-  the  ss„ur«  area 

e«rdacd.ing  Son' fnforma.'ion  'from  Vtking  images  allows  for  a quantitattve 
approach  to  the  study  of  channeling  and  water  on  Mars. 
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Figure  1.  (below)  Northern  Kasei 
Valles,  Viking  image  519A10.  Letters 
indicate  locations  referred  to  in  text. 
North  towards  top  (1"  = 70  km). 


Figure  2.  (above)  High-resolution  Viking 
mosaic  (211-5882)  showing  striations  and 
streamlined  bars  in  northern  Kasei  Valles. 
Letters  indicate  locations  referred  to  in  text. 
North  towards  top  (1”  = 14  km). 
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KASEI  VALLES,  MARS:  FORMED  BY  FLOOD  OR  ICE? 

B.K.  Lucchi tta,  U.S.  Geological  Survey,  2255  N.  Gemini  Dr. 


Flagstaff,  AZ 


The  origin  of  outflow  channels  is  not  yet  fully  understood,  even  thouqh 
many  investigators  prefer  an  origin  by  catastrophic  flooding  because 
morphologic  features  in  the  channels  are  similar  to  those  formed  by 
catastrophic  flooding  on  Earth  [1,2,3].  Yet,  outflow-channel  features  on  Mars 
are  generally  an  order  of  magnitude  larger  than  those  caused  by  catastrophic 
floods  on  Earth,  which  implies  that  the  volume  of  Martian  floods  was  much 
larger  than  that  of  the  largest  known  terrestrial  floods.  The  difficulty  with 
the  catastrophic-flood  model  is  determining  the  mechanism  by  which  such  larqe 
volumes  were  released  from  the  ground  in  one  sudden  event.  Even  thouqh  models 
have  been  advanced  to  enable  such  a release  [4,5],  none  of  them  are  entirely 
sati sfactory . J 

• *-ucchitta  [6,7]  noted  that  many  of  the  channel  features  suggest  sculpture 
by  ice  because  of  their  similarity  in  morphology  and  scale  to  features  of 
terrestrial  glaciated  terrains.  In  her  model,  water  released  from  the  ground 
froze  and  moved  through  the  Martian  channels  in  a manner  similar  to 
terrestrial  wet-based  glaciers.  The  advantage  of  this  idea  is  that  the  volume 
of  water  emerging  from  the  ground  did  not  have  to  be  excessively  larqe- 
ordinary  rivers  or  debris  flows  could  have  been  sufficient  to  form 

glacier-like  masses  if  the  water  froze  near  the  source  of  their  eruption  or 
later  during  transport. 


New  information  from  Kasei  Valles  suggests  that  ice  was  the  dominant 
erosional  process  forming  this  channel.  The  observations  center  on  new 
topographic  information  and  relations  among  longitudinal  grooves  and  other 
features  of  the  Kasei  Valles  floor* 


A new  topographic  map  at  a scale  of  1:500,000  [8]  covering  the  region  of 
north  Kasei  Valles  [9]  has  contour  intervals  of  200  m.  The  map  shows  a 
conspicuous  90°  bend  in  north  Kasei  Valles  where  the  channel  changes  direction 
from  north  to  east.  At  the  bend,  the  channel  funnels  into  a narrow  trouqh 
whose  floor  lies  2 km  below  the  adjacent  plateau  surface.  In  the  northward 
leg  before  the  trough,  the  channel  floor  gradually  drops  1000  m over  a 
distance  of  85  km,  at  a gradient  of  11  m/km.  In  the  eastward  leg  beyond  the 
trough,  the  channel  floor  rises  more  than  400  m over  a distance  of  45  km  at  a 
gradient  of  at  least  9 m/km.  Beyond  this  point,  the  channel  floor  again’ 
gradually  drops  across  two  contours  (more  than  200  m)  and  then  rises  again. 

Ihe  deepest  part  of  the  channel  is  near  its  narrowest  trough  segment  the 
downstream  rise  is  associated  with  channel  widening,  and  the  next  downstream 
low  corresponds  again  to  a restriction.  An  important  observation  is  that 
these  gentle  undulations  of  the  channel  floor  are  not  present  in  the 
surrounding  adjacent  plateau.  Therefore,  the  undulations  cannot  be  attributed 
to  postchannel  structural  warping  but  must  be  due  to  the  erosional  process 
carving  the  channel.  The  observation  that  confinements  of  the  channel 
correlate  with  deepening  also  suggests  that  the  erosional  process  is 
responsible  for  the  undulations. 


On  Earth,  rivers  do 
as  400  m and  wavelengths 
that  the  water  flowed  uphill 


not  have  undulatory  floors  with  amplitudes  of  as  much 
on  the  order  of  50  km;  such  undulations  would  imply 
However,  the  undulations  in  Kasei  Valles  could 
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have  been  formed  by  water,  if  one  assumes  that  Kasei  Valles,  in  this  region, 
was  filled  to  its  brim,  because  the  work  done  at  the  base  of  a fluid  depends 
on  its  hydrostatic  head.  On  the  other  hand,  water  of  a 2-km-deep  flood  would 
be  macroturbul ent  and  would  erode  by  transient  eddies  with  near-vertical  axes 
(kolks) , gigantic  transverse  vortices,  or  large-scale  cavitation  [10]. 

Erosion  by  these  processes  is  known  to  form  potholes  and  other  i rregul arities 
in  the  channel  bed  but  is  not  known  to  produce  smooth  undulations  such  as 
those  observed  in  this  segment  of  Kasei  Valles.  Glacial  erosion,  however, 
typically  yields  smooth  gradients  that  commonly  go  uphill,  because  the  erosive 
power  of  ice  depends  on  the  basal  shear  stress,  which  is  a function  of  the 
gradient  of  the  ice's  surface.  Therefore,  the  newly  discovered  undulations  on 
the  Kasei  Valles  channel  floor  support  the  proposition  that  this  section  of 
the  channel  was  carved  by  ice. 

Kasei  Valles,  south  of  the  bend,  is  100  km  wide  and  marked  by  parallel 
grooves  across  its  entire  width.  The  scoured  channel  in  this  area  lies  about 
1 km  below  unscoured  terrain  at  each  side.  Individual  grooves  are  generally 
100-500  m wide,  but  they  locally  reach  widths  of  1 km.  Grooves  are  on  the 
order  of  100  n deep  [12]  but  may  be  as  deep  as  250  m [13].  Some  of  the 
grooves  cut  across  preexisting  transverse  crevices  that  are  as  much  as  500  m 
wide  and  bowl -shaped  craters  as  much  as  7 km  wide  that  have  sharp,  elevated 
rims.  The  grooves  are  not  offset  or  markedly  disturbed  by  these  obstacles. 

In  the  Kasei  Valles  bend,  grooves  appear  on  the  smoothly  curving,  gently 
sloping,  outside  channel  wall. 

Longitudinal  grooves  are  interpreted  to  have  been  caused  by  longitudinal 
roller  vortices  in  catastrophic  floods,  a feature  of  macroturbul ent  flow 
believed  to  have  formed  by  transverse  instabilities  in  straight  channels 
[10,14].  Once  established,  the  vortices  may  deepen  and  lengthen  rapidly  after 
the  flow  has  become  channelized.  In  Kasei  Valles,  some  of  these  vortices 
would  have  been  truly  macroturbul ent  as  they  eroded  1-km-wide  grooves.  This 
size  implies  that  the  vortices  must  have  been  as  much  as  1 km  in  diameter  and 
that  they  thus  involved  the  entire  depth  of  the  flood  waters.  Problems  with 
the  vortex  hypothesis  are  (1)  that  the  vortices  apparently  persisted 
undisturbed  across  obstacles  of  considerable  size  and  (2)  that  they  are  not 
confined  to  straight  channel  segments.  Baker  [10]  states,  "If  defects  occur 
in  the  bed,  they  may  produce  transverse  flow  separations  that  break  up 
longitudinal  patterns  of  vorticity".  If  he  is  correct,  the  formation. of  the 
longitudinal  grooves  in  Kasei  Valles  by  longitudinal  roller  vortices  is 
unlikely,  because  vortices,  even  if  as  large  as  1 km  in  diameter,  would  have 
been  disrupted  when  crossing  craters  several  kilometers  in  size.  Because 
longitudinal  roller  vortices  are  supposed  to  be  confined  to  straight  channel 
segments,  other  mechanisms  must  have  formed  the  grooves  on  the  sloping  channel 
walls  in  the  curved  segments. 

Deep  longitudinal  scour  marks  are  common  in  glacial  terrain,  however,  and 
they  extend  across  obstacles  without  deflection.  Ice  could  have  first  filled 
the  craters  in  the  Kasei  Valles  floor  and  then  could  have  overridden  them 
without  diverging  its  path.  Furthermore,  ice  scour  is  common  in  sweeping 
curves  on  walls  of  glaciated  valleys.  No  flood  features  on  Earth  are  known  to 
generate  such  forms. 
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Overall,  the  topographic  information  and  morphologic  features  observed 
north  Kasei  Valles  near  its  bend  are  more  consistent  with  sculpturing  by  ice 
than  by  flood  waters,  suggesting  strongly  that,  in  this  area,  the  eroding 
fluid  was  predominantly  ice. 
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uznTR  OF  THF  ELYSIUM  BASIN,  MARS:  VOLUMETRIC  ANALYSIS  AND  SOURCES 

H Icon!  KenSeti  L.  Tanaka,  and  Mar,  S.  Chapman,  U.S.  Geological 

Survey,  Flagstaff,  Arizona  86001 

The  inventory  of  water  once  present  near  the  surface  of  Mars  has 
important  climatic  and  biological  implications.  There  is  growing  evidence 
that  1 arae  standing  bodies  of  water  once  existed  on  Mars  (Haberle,  1986  Carr 
et  al  1987).  It  now  seems  plausible  that  ephemeral  seas  or  a['9®  . 

occupied  depressions  along  the  foreland  region  of  the  highland  plateau.  A 
studv  of  the  Elysium  basin  is  especially  important  for  quantitative 

ST-li™  v^eTHa ter  ,n 

the  bToinfilfill  the  first  objective,  we  plan  to  map  the  Elysium  basin  at 
1:2.mS.M0  «lle  and  to  determine  its  former  paleo  a e s oce  , arm 

krsThi  final  --  --  “ 

the  Purina  the  first  months  of  the  study,  we  have  pursued  tasks  to  complete 
both  objectives.  He  have  examined  Viking  images  and  mapped  PaJe»sh»r^'!“ 
and  drainage  channels  between  between  lat  25.  N.  to  15  S and  long 
220°  Four  maps  at  1:2,000,000  scale  are  near  completion  that  show 
circumbasin  materials  and  the  basin  proper.  We  had  previously  exam  e 

I&3 

connect  with  Anazonis  Planitis. 

IfiPrr  uu,  S.S.C.,  Jordan,  Raymond,  and  Schafer,  F.J.  , 1987,  Volumes  of 
Channel;;  canyons  and  chaos  in  the  ci rcum-Chryse  region  of  Mars  (abs).  18th 

HabeHe  nOtTT^T^gT^ I he°dHmate  of^ars:  Scj.  Amer.,  v.  254,  p. 

U S.  Geological  Survey,  Topographic  map  of  Mars,  eastern  region:  USGS^tUs_of 
Mars  Topo.  Ser.  0/27QT , scale  1:15,000,000  [in  press]. 
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VALLEY  TERMINAL  DEPOSITS:  THE  MARTIAN  SEDIMENTARY  RECORD; 

R.  A.  De  Hon,  Department  o-f  Geosciences,  Northeast  Louisiana  University,  Monroe 
LA  71209.  ' nonroe 

INTRODUCTION.  Sedimentary  deposits  provide  the  most  revealing  materials  for 
interpretation  o-f  a planet's  history.  The  stratification  of  sedimentary  deposits 
preserves  a stepwise  record  of  events  in  the  source  region  and  in  the  basin  of 
accumulation.  The  constituents  of  the  sediments  provide  samples  of  materials 
derived  from  outside  the  basin  of  deposition  as  well  as  evidence  of  the  mode  of 
transportation  and  the  environment  of  deposition.  Valley  terminations  provide 
obvious  sites  to  be  explored  in  the  search  for  a martian  sedimentary  record. 

Martian  valley  systems  range  from  those  which  unquestionably  were  cut  by 
flowing  water,  through  those  arguably  cut  by  some  fluid  flow,  to  those  of  uncertain 
and  possibly  structural  origin.  Those  which  may  reasonably  be  assumed  to  be  cut 
by  water  constitute  part  of  a flow  system  which  transported  sediments  to  lower 
topographic  levels.  This  paper  reports  a preliminary  search  for  recoqnizable 
sedimentary  deposits  near  the  termini  of  some  valley  systems. 

Fluvial  systems  on  Mars  are  recognized  by  distinctive  patterns  of  erosional 
landforms.  Broad  outflow  channels  were  cut  by  catastrophic  flooding  over  short 
periods  of  time  (1).  Some  sinuous  valleys  were  cut  by  headward  erosion  a^  the 
result  of  sapping  over  longer  durations  (2).  Dendritic  and  parallel  drainage 
patterns  on  the  flanks  of  some  volcanoes  and  in  the  highlands  may  have  been  cut  by 
rainfall  (3)  or  groundwater  release  due  to  ground  ice  thaw  during  volcanic  warming 
events  (4).  Axial  lineations  in  some  straight-walled  valleys  associated  with 
transecting  valley  systems  are  suggestive  of  glacial  action  (5). 

Observable  depositional  landforms  include  streamlined  islands  within  the 
outflow  channels  which  are  probably,  in  part,  depositional  in  origin  (6),  and 
inverted  topography  in  Mangala  which  is  evidence  of  deposition  and  erosion  within 
the  system.  Many  channels  and  valleys  are  unquestionably  filled  with  sediments. 
Logically,  the  region  of  major  sedimentation  is  the  downstream  terminus.  A search 
for  deposits  at  the  mouths  of  outflow  channels  and  other  valley  systems  leads  to 
mixed  results. 

DEPOSITIONAL  SITES.  Examples  of  probable  alluvial  fans  include  broad  cones  of 
low  relief  at  the  junction  of  valley  and  channel  systems  with  lower  plains.  The 
mouth  of  Maja  Vallis  is  marked  by  an  alluvial  fan  where  the  outflow  from  the 
confines  of  the  Maja  canyon  empties  on  to  Chryse  Planum  (7).  A small  alluvial  cone 
is  located  in  Terra  Sirenum  where  a short  valley  empties  into  a large  crater.  An 
alluvial  fan  is  seen  by  its  light  albedo  and  channeled  surface  at  the  west  end  of 
Evros  Vallis  between  Terrae  Meridiani  and  Sabaea.  In  Schiaparelli  basin,  an 
extensive  alluvial  apron  is  formed  by  the  coalescence  of  discharge  of  many  short, 
parallel  segments  of  the  Brazos  Valles.  The  relief  is  low,  but  the  deposits  are 
accentuated  by  a dark  albedo  rim  and  the  contrast  with  the  rougher  topograph y of 

the  basin  floor.  Another  cone,  at  the  mouth  of  Tader  Valles  in  Terra  Sirenum,  is 
well  defined  by  topography. 

Deltas  form  where  channels  or  valleys  empty  into  standing  water  (lakes). 
Ephemeral  lake  basins  are  found  along  many  of  the  outflow  channels.  A small  delta 
formed  on  the  Lunae  Planum  surface  where  the  flow  breached  the  highland  contact 
and  spilled  into  a small  highland  basin.  The  Maja  alluvial  cone  on  Chryse  Planum 
underwent  a period  of  fan-delta  development  as  water  was  impounded  behind  the 
Chryse  ridge  system  for  a short  period  of  time  (3,  9).  In  a similar  manner,  a deltaic 
an  is  seen  in  the  Elysium  Planitia  region  where  volcano/ground  ice  interaction  has 
resulted  in  release  of  water  to  the  surface  to  form  outflow  channels,  lakes,  and 
deltaic  sedimentation  (4). 
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In  -the  Deuteronilus  Regio,  a wedge-shaped  deposit  on  -the  outside 
of  a breach  in  a crater  rim  resulted  from  deposition  of  materials  derived  from 
inside  the  crater.  This  fan-shaped  deposit  is  characterized  by  a strong  y 
developed  terminal  ridge  suggestive  of  a terminal  moraine;  hence,  1 the ' P°®5lbl^p' 
exists  for  glacially  transported  materials  in  this  region.  In  the  Hellas  basin, 
Harmakhis  Vallis  terminates  in  an  irregular  pattern  of  hummocky  materials  which 
Moore  (10)  suggests  may  represent  mudflow  or  glacial  debris.  . , , ... 

Areas  of  sedimentation  without  well-defined  cones  are  associated  with 
Amazonis  (4,  10)  and  Ladon  Valles  (10,  11).  In  these  systems  the  lower  reaches  of 
the  valley  terminate  in  a broad,  smooth  surface  of  level  plains-forming  materials 
which  presumably  represents  a blanket  of  sediments  derived  from  the  channel. 
These  materials  bury  existing  topography  without  producing  arV  *e  * * ... 

termini  of  these  systems  are  marked  by  distinct  albedo  patterns  that  contrast  wit 
the  surrounding  plains  materials.  The  lack  of  alluvial  cones  may  be  attributed  to 
low  gradients  and  the  spreading  of  sediment  to  form  a broad  depositional  su 
of  no  relief.  Alternately,  the  lack  of  an  identifiable  fan  may  represe 
progradation  to  the  point  of  complete  filling  of  the  depositional  bas1"*  t 

The  absence  of  deposits  at  the  mouths  of  some  channel  and  valley  s/ 
poses  added  problems.  The  abundant  dendritic  valleys  in  the  central  hl9hla 
welt  as  some  of  the  outflow  channels  in  eastern  Chryse  lack  discernable  fans  or 
deposits  at  present  imaging  resolutions.  In  comparison  with  earth,  alluvia 1 fans 
are  also  notably  lacking  at  the  mouths  of  north  African  wadis.  Here  the  ju 
between  the  channel  and  plains  meets  with  little  change  in  gradient.  It  is  po_ sib 
that  sediments  delivered  to  the  termini  of  valley  systems  were  redistribute  y 
eolian  processes  as  exemplified  by  Tinia  and  Taus  Valles  along  the  northern  border 
of  Terra Sxrenum.  They  may  also  have  been  covered  by  later  materials  as  at  the 
mouths  of  the  nearby  Abus,  Isara,  and  Munda  Valles. 

SUMMARY  The  search  for  terminal  deposits  leads  progressively  from 
well -defined  cones  o“  lluvi.l  ,sns  or  deltas  to  smooth  plains.  The  distinction 
between  deltas  and  fans  on  images  of  Mars  is  rather  arbitrary  and 1 res^ 
existence  of  a standing  body  of  water  for  at  least  part  of  the  time  within  tebasin 
of  deposition.  Alluvial  fans/deltas  are  present  where  some  channels  emerge  fro 
hiqhland  surfaces  onto  adjacent  plains  or  terminate  within  craters.  Most  chann 
meet  the  surrounding  plains  with  low  gradients,  and  most  alluvial  fans/deltas  are 
of  low  vertical  relief.  Other  systems  have  no  apparent  cone  of  deposition,  rathe 
they  are  associated  with  fluvial  or  lacustrine  basin-filling  materials  of 

apparent  relief. 
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EPHEMERAL  MARTIAN  LAKES:  TEMPORARY  PONDING  AND  LOCAL 
SEDIMENTATION  R.  A.  De  Hon#  Department  of  Geosciences#  Northeast  Louisiana 
University#  Monroe  LA  71209. 

INTRODUCTION.  Outflow  channels  provide  evidence  for  the  existence  of  surface 
water  on  Mars.  These  channels  carried  diluvial  floods  from  their  source  areas  down 
slope  to  lower  regions  where  flood  waters  debouch  onto  plains  (1,2).  Wherever  there 
is  an  abundant  flow  of  water  and  an  irregular  surface  with  closed  basins  to  provide 
temporary  catchment#  transient  lakes  will  form.  Inspection  along  drainage  courses 
allows  identification  of  many  sites  of  potential  ponding  of  water  as  ephemeral  lakes. 
Where  water  is  impounded,  velocity  and  turbulence  decrease,  and  deposition  of 
suspended  sediments  occurs.  Hence,  fine-grained#  slack  water  or  lake  sediments 
should  be  found  in  such  sites. 

Lacustrine  sedimentation  produces  landforms  of  scant  relief.  The  primary 
geomorphic  surface  is  a lacustrine  plain  which  is  a featureless#  level  plain  within  a 
depression.  Related  morphology  in  terrestrial  lakes  include  deltas#  wave  cut 

terraces#  bars#  and  other  near  shore  features.  Such  features  on  Mars  may  be  beyond 
Viking  resolutions  or  scarce  because  of  the  short  period  of  time  that  lakes  existed 
and  lack  of  sufficient  wind  strength  to  form  waves  and  wave  related  features. 
Therefore,  evidence  of  lacustrine  sedimentation  is  primarily  in  the  form  of 
basin-filling#  plains-forming  materials  along  the  outflow  channels.  Examples  are 
plentiful.  Some  examples  are  cited  here  to  demonstrate  the  variety  of  ephemeral 
lacustrine  sites. 

EXAMPLES.  Lakes  of  varying  dimensions  formed  along  the  Lunae  Planum  Outflow 
Complex.  A large  temporary  lake  was  formed  at  the  mouth  of  Maja  Vallis  canyon  on 
the  western  edge  of  Chryse  Planum  where  the  outflow  from  Maja  canyon  was 
impounded  behind  wrinkle  ridges  on  the  Chryse  surface  (3,4).  Near  the  mouth  of  Maja 
on  the  Xanthe  terra  surface  the  initial  flow  across  Xanthe  Terra  was  temporarily 
trapped  behind  a highland  ridge  at  the  eastern  edge  of  Xanthe  (5).  The  flow  collected 
as  a catchment  basin  and  initially  formed  a diversion  channel  to  the  south  before 
cutting  the  gorge  across  the  barrier  ridge.  On  the  northern  Lunae  Planum  surface#  the 
initial  outflow  was  confined  to  the  upper  plains  before  cresting  the  higher  standing 
cratered  terrain  to  the  east  (6),  and  numerous  craters  were  flooded  along  the  Lunae 
Planum — Xanthe  Terra  boundary  and  within  Xanthe  Terra. 

Elsewhere  on  Mars,  ephemeral  lakes  were  formed  in  the  Mangala  Valles  region  of 
Terra  Sirenum  by  flooding  of  large  craters  transected  as  the  initial  outflow  cascaded 
across  the  landscape.  This  is  especially  evident  in  the  Labou  Vallis  diversion  where 
the  flow  first  breached  and  flooded  one  crater#  then  spilled  over  into  an  adjacent 
crater.  Ephemeral  lakes  in  the  Elysium  Planitia  region  are  associated  with  closed 
basins  within  chaotic  and  jokulhaup  modified  terrains  and  were  feed  by  runoff 
initiated  by  volcanic  warming  of  ground  ice  (7). 

Possible  lacustrine  sediments  are  reported  within  Ophir  and  Candor  Chasmas  (8). 
The  materials  occupy  the  floors  of  the  canyons  and  are  composed  of  horizontal# 
thin-bedded#  layered  sediments.  Layered  materials  within  the  crater  Henry  in  Arabia 
Terra  (MC-12SE)  may  be  lacustrine  in  origin  also.  A system  of  broad  valleys  feed 
into  Henry  from  the  north.  The  norther  crater  wall  is  partially  blanketed  by  a complex 
alluvial  fan/delta  with  distributary  channels.  The  floor  of  the  crater  is  partially 
filled  with  flat-lying  layered  materials.  These  sediments  are  dissected  by  later 
erosion  to  leave  a central  flat-topped  mesa  as  erosion  carried  materials  westward 
through  a breach  in  the  crater  wall. 
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DURATION  AND  SEDIMENTATION.  Martian  lakes  existed  for  relatively  short  periods 
of  time  Often  the  flow  was  temporarily  impounded  within  a crater  or  o 
depression  only  u ntil  the  surface  level  of  the  water  rose  above  the  down  stream  rim. 
Once  waters  spilled  over  the  barrier,  a crevasse  was  rapidly  cut  to  release  t e 
for  continued  flow.  If  the  relief  channel  cut  below  the  level  of  the  lake  *lo°r'  ,th* 
basin  would  be  entirely  drained.  If  the  relief  channel  did  not  cut  below  the  level  of 
the  lake  floor,  some  water  would  remain.  The  remaining  ponded  ' water  may  be  1 ^\he 
infiltration,  by  drainage  following  subsequent  channeling,  or  y su  ima 

atmospherics  ^ each  si„  is  a function  of  the  total  amount  of 

sediment  eroded  from  the  source  and  channel  and  carried  to  the  site  of  ponding.  At 
present"  the  maximum  volume  of  sed.ment  within  a flooded  era  er  may  be  crudely 
estimated  by  comparing  fresh  cater  morphology  with  that  of  the  partially  filled 
crater  Estimates  of  this  type  provide  maxima  and  are  upper  limits  at  best.  Lak 
sediments  are  composed  of  clastic  material  entrained  in  the  flow  along  its  J* 

repeated  ponding  occurs,  then  each  basin  contains  only  that  sediment  entrai 

downstream  from  the  preceding  site  of  ponding.  . „ +„  internretation 

The  existence  of  lacustrine  plains  on  Mars  provides  a challenge  to  interpreta 

of  martian  surface  morphology  and  geology.  Substantial  areas  of  19 

materials  within  the  highlands  previously  identified  as  volcanic  may  byedl™  * £ 

Remote  sensinq  of  Mars,  from  earth  or  from  martian  orbit,  should  attempt  to 
Tstablish  criteria  for  distinguishing  between  volcanic  and  sedimentary  plains. 
Originally  level,  lacustrine  plains  provide  excellent  reference  datum  planes  to 
establish  subsequent  surface  deformation. 
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Water  Wave  Dynamics  in  Martian  Gravity 


Timothy  J.  Parker,  Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA 


The  presence  of  numerous  valley  networks  and  large  outflow  channels  debouching  into  highland 
basins  and  into  the  northern  lowlands  on  Mars  suggests  the  possibility  of  ephemeral  standing  bodies  of 
water  (either  liquid  or  frozen)  associated  with  their  formation.  Parker  et  al.,  (in  press)  identified 
benches  in  the  west  Deuteronilus  Mensae  region  that  could  have  been  cut  into  preexisting  terrain  by 
surface  waves  in  a temporary  standing  body  of  water  emplaced  by  catastrophic  floods  from  the 
circum-Chryse  and/or  northwest  Elysium  channels.  How  would  surface  waves  on  Mars  differ  from 
those  on  Earth,  and  would  they  be  capable  of  producing  the  observed  morphologies? 

Beginning  with  scaling  for  martian  gravity,  I have  identified  some  interesting  differences  between 
water  waves  on  Mars  and  Earth  (figures  1-4).  To  keep  the  comparison  between  the  two  planets  as 
simple  and  straightforward  as  possible,  I restricted  this  exercise  to  linear  or  Airy  waves  in  deep  water 
(e.g.,  Komar,  1976)  and  assumed  a 1 bar  early  martian  atmosphere  and  a "warm”  climate. 

The  phase  velocity  of  an  Airy  wave  in  deep  water  is  expressed  by  the  equation 


in  which  C„  is  the  phase  velocity  in  deep  water;  g is  the  gravitational  acceleration  in  m/sec2;  and  T is 
the  period,  in  seconds,  from  one  wave  crest  to  the  next.  The  ratio  of  martian  to  terrestrial  wave  phase 
velocity  is  about  one  third  (figure  1).  This  is  accommodated  by  a similar  relationship  between  martian 
and  terrestrial  wavelengths,  defined  by  the  equation 


L 


oo 


such  that  martian  waves  must  travel  about  one  third  as  fast  or  have  about  one  third  the  wavelength  as 
terrestrial  waves  with  the  same  period  (figure  2).  & 

An  important  factor  to  consider  with  regard  to  the  erosive  ability  of  martian  waves  is  the  diameter 
of  particle  orbits  beneath  the  waves  and  the  depth  at  which  this  motion  essentially  ceases  ("wave 
base  ).  In  deep  water  the  particle  orbits  beneath  waves  are  essentially  circular,  so  the  horizontal  and 
vertical  components  of  the  orbit  are  equal.  The  orbit  diameter  is  then  determined  by  the  equation 


where  d is  the  particle  orbit  diameter;  H is  the  wave  height;  and  Z0  is  the  depth  below  the  still  water 
level  to  the  center  of  the  particle  orbit.  The  results  of  substituting  martian  and  terrestrial  gravity  into  the 
equation  for  the  specific  case  of  1 meter  high  waves  of  10  second  period  are  shown  in  figure  3.  On 
Mars,  d decreases  much  more  rapidly  with  depth  than  it  does  on  Earth.  This  suggests  that  terrestrial 
waves  are  much  more  effective  at  moving  sediment  at  depth  than  "equivalent"  martian  waves.  On  the 
other  hand  it  also  indicates  that  martian  waves  entering  shallow  water  "feel  bottom"  later  than  terrestrial 
waves  and  that  martian  wave  energy  is  tocused  within  a narrower  depth  range  than  terrestrial  wave 
energy.  Martian  shorezones  should  therefore  be  broader  and  have  gentler  slopes  than  "equivalent" 
terrestrial  shorezones. 

To  determine  how  martian  and  terrestrial  wave  energies  compare  it  is  necessary  to  apply  wave 
prediction  models  that  include  wind  and  fetch  parameters.  I used  the  fetch-limited  wave  spectrum 
method  derived  by  Liu  (1971)  and  described  by  Komar  (1976): 
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E'(g)  = 0Az/i 


VfJ  ° exp 


•5-5E3(8/u.  Vf; 


o 


„here  EXO)  is  the  "spectral  energy  « 


u. 


= u>»VSJ 


in 


which  F is  the  fetch.  F0  is  determined  by  the  equation: 

P - gF/  2 

Fo  " /U* 

e , . r innn  kilometers  (well  within  reason  for  terrestrial  oceans 

£?  ” E^r  SE  — for  Mars.  The  terrestrial  wave 

spectrum  peaks  a.  an  energy  denst.y  of  about  12m>sec  and  a a of  .42,  correspond  ‘"l ^ZZTo  of 
of  about  15  seconds.  The  maifia^^spTOtra^peaks^at^an^a^rgj^d^nsuyj)f  abouO  speciral 

e^tatorTversus  S given  these  ^“^^te^imospheric  pressure,  wind, 

a 1 bar  atmospheric  pressure  early  in  Mars  htstory  Qries  (e  Rasooi  and  Le  Sergeant 

1979;  Carr.  1986)  range  from  a few  hundred 

millibars  to  several  bars. 

References: 

Anders,  E„  and  Owen,  T„  1977.  Mars  and  Earth:  Origin  and  abundance  of  volatiles:  Science  198, 

Carr  M.H.,  1986.  Mars:  A water-rich  planet?  ^arui  Inc.,  New  Jersey,  429p. 

Komar,  P.  D„  1976,  Beach  ^roCfs%^^^a  of  w^d  waves  in  Lake  Michigan:  Journ.  Phys. 
Liu,  P.  C.,  1971,  Normalized  and  equilibrium  spectra  or  winu  wa 

Oceanog . 1,  p.  249-257  n M in  press.  Transitional  morphology  in  the 

Par^.“M^  raegionCofne£sg  Implies, ^^modification  of  the  lowland/up, and 

boundary:  accepted  for  publication  in  thfee  gas  compositional  measurements  of 

from  Earth  and  Mars:  Nature  266,  p.  822-823. 


337 


Wave  phase  velocity  (C)  in  m/sec 


<D 

> 

^ 500 


0 30  20  30  40 

Wave  Period  (T)  in  sec 


Wave  Period  (T)  in  sec 


Figure  1 


Figure  2 


j : J fiarih 

I 


T'l  i Mi  T i i 1 i I 


0-2  0.4  0.6  0.8 

Orbit  diameter  (d)  in  m 


c 

3 o 

^ & 70 


8?  60 


g.s  50 


1 J 1 — 

} : 

A ! 

' 1 Mars 

— 

— ■ 

1 1 

It 

0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

Sigma  = 2k fT  where  T is  in  sec 


A KINEMATIC  WAVE  MODEL  FOR  CATASTROPHIC  FLOODING  ON  MARS 

Stephen  Baloga  and  Timothy  Parker,  Jet  Propulsion  Laboratory,  California 
Institute  of  Technology,  4800  Oak  Grove  Drive,  Pasadena,  CA  91109 

Steady  state  models  of  complex  fluid  and  mass  transport  processes  are  often 
used  for  geologic  applications.  However,  time -dependent  effects  are  frequent  y 
imjortant5 when  free"' boundaries,  such  as  the  depth,  width  and  extent  of  an 
unconfined  flood,  are  involved.  In  this  context,  we  have  used  a kinematic  wave 
formulation  to  investigate  the  time  - dependent  behavior  of  a catastrophic  floo 
on  Mars  and  to  compare  the  results  with  the  corresponding  steady- state  case  The 
model  is  applied  to  a hypothetical  channel  on  Mars  to  assess  the  implies  ions 
of  time  dependent  factors  on  the  particle  sizes  that  might  be  deposited  a ong 
the  channel  and  discharged  into  the  associated  outwash  plains.  A complete  1 
of  symbols  and  definitions  is  provided  in  Table  1 

A kinematic  wave  equation  governing  the  depth  of  flow,  h - h(x,t),  tor 

fluid  flowrate  Q = Q(x,t),  is  given  by 


w ah  / at  + aQ  /ax  = o 


(1) 


where  a constant  width,  w,  has  been  assumed.  Eq.  (1)  is  a local  COnS®rV^1 
for  fluid  volume  at  each  point  along  the  path  of  the  flood.  To  obtain 
formulation  that  can  be  solved  for  flood  profiles,  eq.  (1)  must  be  supplemented 
with  a prescription  of  the  local  flowrate  as  a function  of  h and  a boundary  o 
initial  condition  on  either  the  flow  depth  or  flowrate.  The  mean  velocity  of  a 
laterally- confined  turbulent  flow  is  often  modeled  with  a 3/2  depth  depen  ence 
(e.g.,  Komar,  1980).  With  the  assumption  that  this  relationship  remains  va  l 
under  time -dependent  conditions,  the  local  flowrate  is  given  by, 


Q(x , t)  = w h(x,t)  <u(x,t)>  - w ( g S 


/ Cf  )1/2  h(x , t)3/2 


(2) 


Substituting  eq.  (2)  into  eq.  (1)  results  in  the  kinematic  wave  equation 


3h  / 3t  + 3/2  ( g S h / Cf  )1/2  dh  /3x  = 


(3) 


for  the  depth  of  flow  during  a turbulent  stage  of  flooding  . 

The  boundary  condition  appropriate  for  this  type  of  governing  equa 
may  be  specified  as  the  flow  depth  at  the  source  of  the  discharge,  taken  here 
as  x = 0 For  a steady- state  discharge,  h(0,t)  - hs  (-  constant),  an  q.  ( ) 
shows  that  h(x,  t)  = hs.  Thus,  the  profile  for  the  depth  of  flow  remains  constan 
in  both  space  and  time  for  the  duration  of  the  flood. 

A more  interesting  case  is  the  boundary  condition 


h(0 , t)  = hc(  l+t/r) 


-l 


(4) 


where  h represents  the  depth  of  the  flow  at  the  onset  of  discharge  and  T is  a 
tim^6  constant.  Figure  1 shows  the  qualitative  behavior  of  the  flow -depth, 
flowrate  and  cumulative  volumetric  discharge  derived  from  eqs . (3)  and  (4>_ 

Using  standard  methods  of  solution  for  eq.  (3)  wit  eq.  ( ) 'S'\  f , ’ 

1974;  Zachmanoglou  and  Thoe , 1976],  the  kinematic  wave  for  the  evolution  of  the 

flow  depth  profile  is 

h<*,t)  - h„  [ X / L ♦ ( (*/L>2  + 4 < 1 + t / F)  )1/2  I2  / 4 ( 1 + t / F )2 

(5) 
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The  location  of  the  flood  front,  Lf  = Lf(t),  is  also  an  unknown  free 
boundary  that  is  determined  from  a more  general  fluid  volume  conservation 
requirement , 

f t rLf(t) 


V(t) 


Q (0,  t)  dt 

o 


t)  dx 


(6) 


once  the  shape  of  the  kinematic  wave  is  known  [Baloga,  1987],  Eq.  (6)  ensures 
that  the  cumulative  volume  discharged  is  always  equal  to  the  volume  under  the 
profile  of  the  flood  wave. 

Figure  2 shows  the  evolution  of  the  kinematic  wave  for  the  boundary 
condition  model  given  by  eq.  (4)  and  parameters  that  might  be  appropriate  for 
an  episode  of  flooding  at  Mangala  Vallis  (hD  - 100m,  w = 10km,  g = 3.7m/sec2.  S= 
0.003,  Cf  = 0.005,  V(w)  = 100km3  ).  The  flood  is  deepest  at  the  front  of  the  wave 
and  progressively  decreases  in  depth  at  each  station  after  the  front  has  passed. 
The  depth  of  the  flood  at  the  front,  and  the  advance  of  the  front  itself, 
steadily  decrease  with  distance  from  the  source.  After  approximately  4 days,  the 
depth  of  the  flow  has  dropped  to  lm  at  the  source  and  this  value  is  taken  as  the 
completion  of  the  episode. 

Figure  2 also  shows  the  comparable  flow  depth  profile  for  a steady  state 
discharge  of  100km3  over  the  same  duration  as  the  time -dependent  case.  For  early 
times,  the  time -dependent  wave  is  significantly  deeper  than  the  steady  state 
case.  Komar  (1980)  has  suggested  that  the  critical  settling  velocity  for 
suspension  of  grains  in  a turbulent  channelized  flow  is  proportional  to  h1/2. 
Because  the  time -dependent  wave  is  much  deeper  than  the  steady  state  analog, 
significantly  greater  sediment  transport  capabilities  are  implied  by  the  time- 
dependent  case.  Furthermore,  because  the  kinematic  wave  progressively  thins  with 
distance  from  the  source,  one  would  expect  a corresponding  decrease  in  the 
maximum  particle  sizes  with  distance  at  the  conclusion  of  the  flood  episode.  In 
the  Mangala- analog  example  shown  in  Figure  2,  the  sediment  transport  into  the 
plains  beyond  the  channel  mouth  is  comparable  in  both  cases.  However,  the 
particle  deposition  along  the  channel  itself  would  be  noticeably  different  for 
the  steady-state  and  time -dependent  cases. 

The  time -dependent  catastrophic  character  of  a flood  or  outflow  could  have 
a significant  influence  on  the  transport  of  particles  through  channels  to  outwash 
areas  on  Mars . Even  though  the  volumetric  discharge  may  be  the  comparable  or 
equivalent,  the  time  - dependent  wave  has  more  inherent  kinetic  energy,  (and 
therefore  more  transport  or  erosion  capability)  than  the  comparable  steady  state 
solution.  Future  efforts  will  investigate  energy  transport  in  more  detail  and 
other  processes  such  as  infiltration  and  entrainment  concurrent  with  flooding 
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MECHANISMS  OF  RESURFACING  IN  THE  AMENTHES  AND  TYRRHENA 
CRATERED  HIGHLANDS  OF  MARS. 

Ted  A.  Maxwell  and  Robert  A.  Craddock,  Center  for  Earth  and 
Planetary  Studies,  National  Air  and  Space  Museum,  Smithsonian 
Institution,  Washington,  D.  C.  20560. 

Using  crater  size  frequency  distributions  as  a means  to 
determine  relative  surface  ages  is  an  established  procedure 
(1-4)  that  presumes  that  craters  were  obliterated  due  to  some 
event  that  occurred  rapidly  relative  to  the  scale  of  the 
impact  flux,  thus  "resetting"  the  surface  upon  which 
a ditional  craters  would  accumulate.  In  the  Amenthes  and 
Tyrrhena  region  of  Mars  (-30°  to  +10°  Lat.,  225°  to  270° 
Long.),  the  surface  of  Noachian  and  younger  materials  is 
characterized  by  a unique  set  of  rimless  craters  that  may 
represent  an  incomplete  episode  of  resurfacing,  or  may  be  a 
function  of  mechanical  property  variations  in  near-surface 
materials.  Based  on  the  size  frequency  distribution  of  this 
set  of  craters,  the  process  that  removed  the  rims  was  time 
transgressive,  ceasing  first  at  northerly  latitudes  (5°  to 
10  ),  and  successively  migrating  southward  (areas  to  —30° 
Lat.  have  been  studied)  (5).  These  age  relations  are  based 
on  craters  in  the  8 to  50  km  diameter  range,  so  that  the 
apparent  ages  are  not  simply  a function  of  selective 
preservation  of  craters  of  different  sizes.  In  order  to  more 
fully  understand  the  method  (s)  of  resurfacing,  and  to  have 
confidence  m the  use  of  crater  frequency  surface  dating 
techniques,  we  have  analyzed  the  occurrence  of  these  craters 
as  a function  of  the  geologic  unit  impacted,  their 

morphology,  and  the  diameter  range  over  which  they  occur. 

Two  highland  material  units,  cratered  plateau  and 

cratered  highlands  have  a similar  appearing  population  of 
rimless  craters;  craters  in  both  units  have  flat  floors  of 
smooth  plains  material,  and  lack  the  distinctive  raised  rim 
of  their  younger  counterparts.  With  the  exception  of  the 
rugged  nature  of  surrounding  terrain,  craters  in  the 
highlands  are  identical  to  those  in  cratered  plateau  and 
intercrater  plains  units,  and  occur  on  the  rim  crests  of 
larger  craters  as  well  as  in  depressions  between 
highland  blocks.  in  the  smoother,  dissected  portions  of  the 
cratered  plateau  material,  such  craters  are  randomly 

superposed  on  the  gullied  terrain  of  old  drainage,  indicating 
that  the  drainage  occurred  before  early  Hesperian  time.  Size 
frequency  counts  indicate  little  difference  in  age  between 
rimless  crater  populations  on  both  units,  suggesting  that 
mechanical  properties  of  near-surface  materials  are  not  the 
cause  of  their  distinctive  morphology. 

Simplistic  models  for  resurfacing  consist  of  two 
end-member  hypotheses;  deposition  and  erosion,  both  of  which 
could  account  for  the  missing  raised  rims  of  these  craters. 
However,  within  the  rugged  highland  material,  such  craters 
are  not  preferentially  located  in  low  areas,  as  would  be 
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expected  if  flooding  of  neighboring  intercrater  Plains  were 
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Martian  Sublimation  Rates 

Gary  D.  Clow,  U.S.  Geological  Survey,  Menlo  Park,  CA  94025 

Robert  M.  Haberle,  NASA/Ames  Research  Center,  Moffett  Field,  CA  94035 

cycle  andTarh^^^1™"^ ^ raflt6S  ^ ^ ^ played  a role  in  the  martian  water 
y and  have  had  a tremendous  influence  on  1Ce-related  surface  features,  many  of  which  have 

been  proposed  to  explain  certain  martian  landforms.  The  theory  of  evaporation  on  Farth 
“ g!r  J-We  , fde!!loped  ^’2^’  but  has  not  been  previously  applied  to  Mars.  Instead  nearly 
The  fitlr  °f  "Ubllmatl°n  on  Mars  have  utilized  two  parameterization  of  uncertain  validity 
The  first  was  designed  to  describe  the  water-vapor  flux  from  the  terrestrial  oceans  due  to  me 

cham'al'y  induced  turbulence  (3).  This  parameterization  Tail,  to  account  for  environment 
differences  between  the  Earth  and  Mars.  In  addition,  it  substantially  underestimates  sublima 
ion  rates  during  the  period  (midday)  when  the  bulk  of  sublimation  occurs,  because  it  ignores 
the  effects  of  atmospheric  stability  within  the  atmospheric  boundary  layer  (ABL).  The  use  of 
his  parameterization  for  rigid  land  or  ice  surfaces  is  also  questionable  The  second  parame 
tenzation  was  designed  to  describe  water-vapor  diffusion  due  to  molecular  weight  gradients  in 

yer>  u»nder  the  ^umpti°n  - - ^ «>■ » ^ 

to  what  extent  this  self-buoyancy”  process  actually  occurs  on  Mars,  because  wind-generated 

bulent  eddies  would  tend  to  disrupt  the  thick  saturated  boundary  layer  needed  for  this 

mechamsm  to  work.  In  an  attempt  to  reduce  the  uncertainty  in  predicted  martian  sublimation 

mechan"  ° UnderstandlnS  of  the  operating  conditions  for  the  self-buoyancy 

mechanism  we  are  extending  the  modern  theory  of  evaporation  developed  for  terrestrial  con 
ditions,  to  Mars.  Atmospheric  pressures  between  6 and  3000  mb  are  bebig  considered. 

intprf  T7  f turbulenCC  °CCUr  in  the  immediate  vicinity  of  a planet’s  surface  (i  e the 

“sr; LtT.d,^LnThh:  the  >urf“  ■?*—  - - 

surfaces  while  the  second T°th 
^u"r°fo“  Turll"  mdfiCate  ‘hM  Un'ike  Eir‘h'  ^ type8  °f  should  commonly 

and  for  surface  rough„e,s.  Water  vapor  ^ 

ztTdXerlo,ous  equations  d““ibi-6 

shear,  win  disrupt  the 
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to  be  effective.  These  conditions  are  found  to  be  different  for  aerodynamically  smooth  and 
rough  surfaces.  For  smooth  surfaces,  we  find  the  friction  velocity  must  be  below  a critical  value 
(which  is  a function  of  pressure  and  temperature)  for  the  self-buoyancy  boundary  layer  (SBBL) 
to  survive.  Naturally  occurring  friction  velocities  are  expected  to  exceed  the  critical  values  for 
the  majority  of  anticipated  PyT  conditions  on  Mars,  at  least  during  daylight  hours  when  the 
bulk  of  sublimation  occurs.  The  exception  to  this  occurs  at  high  temperatures  (T  > 260  K)  and 
low  pressures  ( P < 20  mb).  The  criterion  for  whether  the  SBBL  will  be  disrupted  by  turbulent 
eddies  over  an  aerodynamically  rough  surface,  is  established  by  the  surface  roughness  zQ.  Self- 
buoyancy is  found  to  be  ineffective  for  polar  snow-type  surfaces  whenever  they  behave  in  an 
aerodynamically  rough  fashion.  The  SBBL  may  survive  at  high  temperatures  and  pressures 
(T  > 240  K,  P > 100  mb)  for  Viking  Lander-type  surfaces.  However,  the  dynamic  instability 
caused  by  self-buoyancy  is  rather  weak  at  high  pressures,  so  this  may  be  of  little  consequence. 

As  a prelude  to  developing  sublimation  parameterizations  specifically  for  Mars  from 
the  complete  model,  bulk  ABL  water-vapor  transfer  coefficients  Ct  have  been  determined 
for  martian  conditions  on  the  assumption  of  neutral  atmospheric  stability.  We  find  that  Ce 
essentially  reduces  to  a function  of  the  viscous  length  scale  in  the  ABL  for  smooth  surfaces  but 
that  the  situation  remains  more  complicated  for  aerodynamically  rough  surfaces.  Ct  values 
are  found  to  range  0.0007  - 0.003  for  smooth  surfaces  and  0.0011  - 0.004  for  rough  surfaces. 
For  comparison,  Ce  has  historically  been  taken  to  be  0.0022  in  previous  martian  sublimation 
studies. 
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Laboratory  Studies  of  Sublimation  of  Ice/Silicate  Mixtures 

Jeffrey  Moore,  Department  of  Geology,  Arizona  State  University,  Tempe,  AZ  85287-1404 

Fabrication  of  an  experimental  apparatus  to  investigate  ice/silicate  interactions  during 
sublimation  under  martian  conditions  has  been  completed.  The  first  set  of  experiments 
conducted  was  designed  to  investigate  two  end-member  samples  of  pure  ice:  (1)  non-porous 
massive  or  block  ice,  and  (2)  0.25  to  1 mm  granular  ice.  Calculations  of  ice  grain  growth 
rates  and  sintering  have  suggested  that  ice  grains  in  martian  polar  deposits  probably  range 
between  0.1  mm  and  1 cm  (Clark  et  al.,  1983).  Owing  to  these  calculations,  ice  grains  in  this 
size  range  are  planned  to  be  utilized  in  all  subsequent  experiments  involving  the  interaction  of 
ice  and  non-volatile  particulates.  Thus,  the  initial  runs  were  intended  to  understand  the 
behavior  of  these  end-members,  to  "debug"  the  test  apparatus  and  procedures,  and  to  determine 
the  necessary  duration  of  later  experimental  runs. 

The  first  run  investigated  the  properties  of  a sample  of  pure,  0.25-1.0  mm  granular  ice 
with  a bulk  density  of  0.41  gm  cm'3.  The  sample  was  initially  kept  isothermal  at  -20°  C.  At 
this  temperature,  the  sublimation  rate  was  determined  to  be  2.6  X 10"8  gm  s'1  cm'2  in  a 3 mb 
CO2  atmosphere.  Following  the  method  used  in  other  martian  ice  sublimation  studies  (e.g. 
Clifford  and  Hillel,  1983),  the  calculation  of  the  idealized  sublimation  rate  can  be  made  using 
an  expression  derived  by  Farmer  ( 1 976): 

Jn  = D (P/k)  (T)  (1) 

where  k (Boltzmann's  constant)  is  1.38054  x 1016  dyne-cm  °K'1,  T is  the  temperature  of  the 
ice  layer  surface,  1 is  the  thickness  of  the  actively  subliming  surface  (assigned  a value  of  1 cm), 
D is  the  molecular  diffusion  coefficient  of  H2O  in  an  atmosphere  composed  of  CO2  at  3 mb 
pressure,  and  P is  the  equilibrium  vapor  pressure  of  H2O  just  above  the  ice  layer  at  3 mb  and 
at  a temperature  equal  to  the  surface  temperature.  The  molecular  diffusion  coefficient  can  be 
calculated  using  the  experimental  results  of  Schwertz  and  Brow  (1951),  who  show  that  the 
diffusion  coefficient  D (in  cm2  sec-1)  varies  as  temperature  (T1-3)  and  ambient  pressure  (p_1), 
as  given  in  the  following  expression: 

D = 0.1654  (T/273.15)15(1014  mb/p) 

The  equilibrium  vapor  pressure  P of  H2O  ice  can  be  calculated  using  the  following  equation 
presented  by  Labofsky  (1975): 

P = 1.333  X 103  X 10(-2445-5646/T  + 8.231211ogT  - 0.0167706T  + 1.20514  X 10-5T2  - 6.75169)  dynes 

cm-2 

Using  these  models,  the  calculated  sublimation  rate  (1.4  X 10'7  gm  s_1  cm-2)  is 
approximately  5 times  larger  than  the  observed  value. 

Following  the  "cold  soak"  exposure,  the  sample  was  heated  from  the  top  with  the 
surface  absorbing  a total  of  3.4  X 10'2  W cm-2.  Sublimation  reached  an  observed  equilibrium 
value  of  7.1  X 10*8  gm  s'1  cnr2,  about  5 times  less  than  the  value  calculated  (3.5  X 10'7  gm  s' 
cnr2),  i.e.,  similar  to  the  earlier  observed  difference.  The  discrepancy  between  observed  and 
calculated  sublimation  rates  could  be  due  to  several  factors.  The  most  likely  explanation 
involves  the  fact  that  advection  and  buoyancy  can,  in  general,  control  the  rate  of  sublimation 
(Ingersoll,  1970).  These  relatively  minor  phenomena  may  well  become  limiting  factors  for 
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small  amounts  of  vapor  diffusing  into  an  atmosphere  under  conditions  of  extreme  stability  in 
the  boundary  layer.  This  initial  run  was  conducted  under  just  such  conditions  as  the  circulation 
pump  wasTnot  in  use  at  the  time.  Mukherjee  (1971)  has  postulated  that  a stagnant  y 
above  the  ice  could  suppress  the  sublimation  rate  by  well  over  the  factor  of  five  observed  in  the 

experiment. 

A numerical  model,  derived  from  Clifford  el  al.'s  (1987)  martian  1 ^!°d 
used  to  generate  a family  of  time-dependent  temperature  verses  depth cmal for  the 
environmental  conditions  within  the  chamber.  The  actual  temperature  ^to  (Rg^l)  was 
compared  to  these  curves  to  extract  the  thermophysical  properties  °f  the  test  materials^ 
compar  , . n Y in-2  w cm’1  °K_1  a thermal  diffusivity  of  0.0463  cirk  s \ and  a 

therma  conductivity  of  4.0  X 10  W cm ' * provided  the  besl  back-fit  to  the  observed 

S values  impTy  that  tiTe  granular  ice  behaved  much  like  solid 
™nlhne  ke  The  overall  thermal  characteristics  of  the  sample  were  similar  to  Aok  of  martian 
materials  with  "intermediate"  thermal  inertia,  thought  to  be  composed  of  indurated  Ones  (e.g. 
Jakoskv  and  Christensen,  1986).  The  higher-than-expected  inertia  (at  least  considering  the  low 
density)  arises  primarily  from  the  combination  of  relatively  high  conductivity  and  specific  heat 
The  high  conductivity  may  result  from  effective  heat  transfer  by  CO2,  as  is  un  er  inves  lg 
by  Christensen  (personal  communication,  1989). 
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GROUND  ICE  ALONG  THE  NORTHERN  HIGHLAND  SCARP,  MARS 

B.K.  Lucchitta  and  M.G.  Chapman,  U.S.  Geological  Survey,  Flagstaff,  Arizona 
86001. 

The  northern  highland  boundary  on  Mars  is  characterized  in  many  places  by 
a steep  scarp  that  is  locally  dissected  into  mesas  and  buttes.  These  are 
particularly  well  developed  in  the  region  from  about  long  280  to  350  and  lat 
30'  to  50'  N,  the  "fretted  terrain"  of  the  Protonilus  and  Deuteromlus 
Mensae.  In  this  latitude  belt,  mesas  are  typically  surrounded  by  debris 
blankets  that  are  generally  thought  to  have  formed  by  ice-lubricated  flow 
Til.  This  ice  came  either  from  frost  deposition  [1]  or,  as  many  researchers 
believe  now,  from  ground  ice  [2,3,4].  The  debris  blankets  are  conspicuous 
features  of  this  latitudinal  belt  and  are  young  [2].  They  are  generally 
thouqht  to  indicate  that  ground  ice  may  currently  be  present  close  to  the 
surface  [3].  Lucchitta  [2]  explained  the  occurrence  of  ice-charged  debris 
blankets  in  this  latitude  belt  by  (1)  the  maintenance  of  ground  ice  near  t e 
surface,  which,  under  current  atmospheric  conditions,  is  possible  only 
poleward  of  about  lat  3<T  to  40"  N [5,6]  and  (2)  the  ambient  temperature  that 
Is  warn  enough  to  permit  ice  to  flow  by  dislocation  creep,  even  though  at  very 
slow  rates  [2].  Farther  north,  where  the  atmosphere  is  colder,  this  type  ot 
ice  deformation  is  less  likely  to  occur  [7]. 

We  have  observed  a number  of  mesas  in  the  Kasei  Valles  area  that  resemble 

fretted  mesas  in  size  and  shape  and  that appear 
processes*  These  mesas  are  located  farther  south  (lat  25  N)  Than 
Deuteronilus  or  Protonilus  Mensae  and  are  not  presently  surrounded  by  debris 
blankets.  Instead,  several  of  the  mesas  are  surrounded  by  moats  composed  of 
flat-floored  valleys  (about  2 to  5 km  wide)  bordered  on  the  outside  by  low, 
inward-facing  scarps  (Fig.  1,  arrows).  The  moats  have  the  same  planimetric 
shape  and  dimensions  as  the  debris  blankets  surrounding  the  fretted  terrain 
farther  north.  The  plains  surrounding  the  moats  are  composed  of  probable 
Tharsis  lava  flows  whose  relative  crater  density  of  1300  craters  >1  m/10b  km^ 
ISdEltel  that  th?y  are  about  2.5  b.y.  old  (conversion  of  relative  to  absolute 
age  from  Neukum  and  Hiller,  model  2 [8]).  The  similarity  of  the  shape  of the 
moat  to  the  planimetric  shape  of  debris  blankets  surrounding  the  fretted  mesas 
farther  north  suggests  that  the  mesas  in  Kasei  Valles  once  were  also 
surrounded  by  debris  blankets  and  that  these  blankets  must  have  been  in  place 
at  the  time  of  lava  flooding;  the  lavas  apparently  embayed  the  debris 
blankets.  Later,  the  debris  blankets  disappeared  completely,  leaving  the 

moats. 

The  disappearance  of  the  debris  blankets  suggests  that  they  contained 
more  ice  than  is  commonly  attributed  to  them  (10%  ice  content  according  to 
Lucchitta  [3]  and  Carr  [5]).  In  order  to  disappear  completely,  only  minor 
amounts  of  rock  could  have  been  incorporated,  unless  all  the  rock  was  of  a 
qrain  size  easily  picked  up  and  removed  by  the  wind.  However,  no  other  wind 
erosion  features  are  seen  in  the  area.  Also,  such  a uniform  grain  size  is 
unlikely  unless  very  unusual  circumstances  are  invoked,  such  as  debris 
blankets  reworking  largely  fine-grained  ash  or  sandy  deposits.  Consider1 ng, 
then,  that  the  debris  blankets  were  mostly  composed  of  ice  and  that  this  ice 
was  derived  from  ground  ice  underlying  the  mesas  [2,3],  the  ground  ice  must 
have  had  a concentration  so  high  that  it  may  have  resembled  segregated  ground 
ice  in  the  Northwest  Territories  of  Canada  [10].  This  observation  suggests 
that  the  highland  margin  and  associated  mesas  in  f retted-terrai n regions 
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locally  were  underlain  by  nearly  pure  ice  masses.  These  ice  masses  rnuld 
been  segregated  from  ice-rich  highland-type  breccia,  or  they  could  represent 
rozen  water  from  ancient  channel -mouth  regions.  Furthermore,  if  the  debris 
blankets  were  composed  largely  of  ice,  sublimation  of  this  ice  on  fresh 
exposures  within  the  slowly  churning  debris  would  eventually  deplete  the  ice 
especiany  at  the  tip  of  the  debris  blankets  where  the  ice  is  replenished  only 
nf°thy’hiSU?^ limation  of  debris  blankets  in  this  manner  would  explain  why  nos/ 
o the  blankets  on  fretted  mesas  extend  no  farther  than  about  20  km  from  their 
source.  Sublimation  of  debris  blankets  on  gradually  dininishinq  mesas  would 
also  explain  the  disappearance  of  material  from  the  pll?ns  separaUnq  the 
Thus’  the  generation  of  the  plains  may  have  been  caused  by  the 
fretting  process  [2]  involving  large-scale  sublimation  of  ice  and  does  not 
have  to  oe  ascribed  to  an  unrelated  earlier  erosional  episode  [1]. 

The  former  existence  of  debris  blankets  in  the  Kasei  Valles  area  also 
suggests  that  ground  ice  once  occurred  near  the  surface  in  a latitudinal  belt 
that  is  now  desiccated.  This  observation  supports  Fanale  et  al.'s  [6] 
proposition  that  the  southern  limit  of  near-surface  ground  ice  shifted 
gradually  northward  with  time.  Ground  ice  at  lat  25'  N 2.5  b.y.  aqo  falls 

surface^ce^etentioru ^ ’,mft  Pe™Uted  ,n  Fa"a,e  ^elH/n^r- 
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The  mechanism  of  transport 

subject  of  considerable  !»*«*£  •"? L?°?oJ  la^e  Jock  avalanches. 
On  Earth,  the  observed  runout  ij^ths  (L)  t g fc  than  can  be 

relative  to  the  height  of  drop  (H),  are^uc^g  mechanisms>  Most 
explained  by  either  sliding  or  Jispe  friction  (either  sliding  or 

natural  rock  types  ° 6 $2  f f veient  is  expected 

internal  friction)  of  0 6 o higher  [: at  least  30°  (or  h/L  at 
only  over  terrain  with  an  averag  P relatively  small  volume 

least  0.58);  this  expectation  is  «"!““*  *Ur  JaJeiiJl  However,  as 
rock  avalanches  and  other J^avalanches9  H/L  decreases  to  values  as 
the  v°lu%  inc“a^|sj  and  a log-log  plot  of  H/L  versus  volume  shows  a 

linear  correlation  [3,  4;®ee  Figure  IK  conditions  of  gravity, 

Planetary  comparisons  u^^ti^“^entory  may  prove  essential  to 
atmospheric  pressure,  and  v?  . Mars  is  the  only  planetary  body 

resolving  this  question  of  mecha  • vocal  long-runout  landslides, 

other  than  Earth  known  to  have  Identified  on  the 

Only  two  Pot®^J-al0^0n?hese°Uwere  probably  triggered  by  impact  events 
Moon,  and  both  of  the  hut-ed  to  the  runout  lengths.  Venus 

[5-8],  whose  energy  may  have  contnb  have  imaging 

may  reveal  many  such  mass  movements , but  we  ^notjet  ^ vir?ual 

data  of  sufficient  resolution  to  iden  y Mercury  seems  to  be 

absence  of  long-runout  avalanches  on  the  ”°°^ra^e  atmosphere  or  the 
evidence  that  volatiles  in  some  ' ustain  long-runout  avalanches, 

ground,  are  necessary  to  initiate  or  sustain  long  ru  («Wet"  is 

Were  the  Valles  Mannens  landslides  wet  w°J;er°r*hus  eiiminating 

taken  to  mean  that  the  mass  was  ?at^a  . } Lucchitta  [9]  thought 

or  greatly  reducing  9rain-to-grain  contacts  ) that  the 

that  they  were  probably  wet.  J*  * iakes  [10].  However,  the 

landslides  were  subaqueous,  voungest  features  on  Mars  [8], 

landslides  are  among  the  geologically  youngest^teatu^  ^ troughs 

they  clearly  postdate  the  interior  J^y  d there  is  no  evidence  for 

(which  may  be  of  lacustrine  origin ) , and  there  is  of 

liquid  water  on  the  surface  of  ”arsnr^“Sfal  water  or  ice  are 

landslide  f< ormation . Nea r-surface^  PeolQ  time  near  the  equator 

unlikely  to  have  persisted  in  r?ii  Furthermore,  measurements 

of  Hars  due  to  losses  ^ ^bUmatfonJUl.  not 

cons! 5 tent ‘with^thl'^mechani cal  behavior  of  ..t-t.t, e^debris. ■ q£ 

Landslide  Pr°P?^J®s0ooIlcale  topographic  maps  with  200-m  contour 
Marinens,  where  . . 1'^00  ' °??  v the  Tithonium  and  Ius  Chasmata  region 
intervals  are  available^  U)  T 8Q0  [12];  (2)  an  additional 

from  about  lat  -9  to  i , iu  y lonq  80°  to  85°;  and 

part  of  Tithonium  Chasma  from  lat  7.5  to  , 9 h from  lat 

hi  • region  including  Ophrr  Chasma  and  J«t  of  Candor  Chas^  ^ g> 

-7.6°  to  -3°,  long  70°  to  75  * 1 : nl!!he  last  two  reqions.)  Within  these 

Geological  Survey  on  maps  ««rl^e^a£iable  sout?e  locations  and 

regions,  25  landsiides  (Table  1)  All  of  the  relatively  high 

SliKuSn^Ko^nJ*  Viking  Orbiter  images  of  these 

regions  were  utilized. 
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lanrtc5'?Sfflid®^°lumff  "er?  estimated  by  two  methods.  For  the  larae 
estimated  from  theleometr^of  thi^.rlf^Jor  thl  sSa U?  ^slides* 

eSs?iLtedUtbut  JS  “S  toP°raphiC  data  *«  S! 

uniform  thicknesses-  thSI  ?h.  . deposits  appear  to  have 

U«SlTabIeePl°?U  *Si  the  es“"“'d  h^Sht  of  1thetedflofr"fro« 
greater  than  a i.ctor'of fbut^af b.^s^ghfff f c?”  STSfj  ?° 

EplS~s 

vafesStrrae"leth  I ff^o'^a  £* »*&• 

characterized  by  yield  strengths  near  lU  pf  f 3-f f “"therfs 

10*  to 


the  yield-strength 
clearly  consistent 


icf-fm^I15  ' _Therefore,  even  with  an  uncertainty  in 

with  ?h6S  .°f  an  order  of  magnitude,  the  values^re 
with  the  yield  strengths  typical  of  dry  rock  debris. 

terrestrial  dfy  ^cf'f fanfilT im^Sho^"  if  Ji" e"f ' l“& Sd  "? 

fafffCIrS^iSfffhf'ffL^fr  *f?  °bVi°“S  SS'boih  dfan«tf 

of.O  82  for  the  terrestf tl nt s^nl  f Sff  ff  f fXf'mfrf  *"•  * 
relations  afe*  vf  ff  f ,f  enf  f roTtf  «•.“«’»  «" caf f 

fi  f«SpffvfobfSo“:f 

eipec?edWto  plot ^elor^he't^reltrial  val^H^d 

Instes?th^f  :i5j?s  ? 

SSf«n  fe  trISf,  thj "Si 2Ie Se^c f ITU Siillf qul tl  llltunllno , °“|f 


avalanch 


example,  avalanches 
volume  of  2.2  x lO^m3 
typical  volume  of  1.4 
least  a factor  of 
measurements.  What 
( e . g. , scaling  by 
a factor  of  2.6 
work.  Certainly 
significant  and 
mobility  of  large 


on  Earth  with  H/L  equal  to  0.1  have  a typical 
feeas  those  in  Valles  Marineris  have  a 
x 10  m . This  difference,  a factor  of  65,  is  at 
10  larger  than  the  uncertainties  in  the 
• K?nroa^°unt  for  it?  The  different  in  ara-itv 
WepossiblZ9  * fouldaccount  for  a difference  of  only 

thffabi!erpifff  f 

ffrof  S“Il£ta2.in  £uture  e££octs  t0  the 


REFERENCES : 

;■  2«S«ie 2;  toAdSnnd  SeffeS;  fis^p/969'  £“"tsls  of  Hock 
. Bagnold , R.  a.,  1954,  Roy.  Soc.  London  Proc.,  Ser.  A 200,  49-63. 


352 


3. 

4. 

5. 

6. 

of 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 


16 

17 


Scheideggec , A.  E.,  1973,  Bock  Mechanics  5 , 231-236- 
HSU,  K.  J.,  1975,  Gaol.  Soc.  M . If,  129  140. 

Howard,  K.  A. , 1973,  Science  180,  1052-1055. 

Guest,  J.  E.,  1971,  in  Fielder,  G. , ed. , Geology  and  physics 
the  Moon:  Amsterdam,  Elsevier,  93-103. 

Lucchitta,  B.  K.,  1977,  Icarus  30,  80-96. 

Lucchitta,  B.  K.,  1979,  J.  Geophys . Re s . 84  , 8097-8113  . 
Lucchitta,  B.  K. , 1987,  Icarus  72,  411-429 


Shaller , P.  J.,  Murray,  B.  C.,  and  Albee 
and  Planetary  Science  XX,  990-991. 
Clifford,  S.  M.,  and  Hillel,  D.,  1983,  J 
2456-2474. 

U.  S.  Geological  Survey,  1980,  Misc.  Inv 


A.  L.,  1989,  Lunar 
Geophys.  Res.  88, 
Ser.  Map  1-1294 


H, 


and  Douglass,  P 


M. 


Voight,  B.,  Janda,  R.  J.,  Glicken, 

1983,  Geotechnique  33,  243-273.  GeoDhvs 

Eppler , D.  B.,  Fink,  J.,  and  Fletcher,  R. , 1987,  J.  Geophys. 

Res.  v.  92,  3623-3633 


Rodine,  J.  R.,  1984,  in  Brunsden,  D., 
Slope  instability:  New  York,  Wiley,  p 


Johnson,  A.  M. , and 
Prior , D . B . , eds . , 

257-361.  , _ 

Siebert,  L.,  1984,  J.  Volcanol.  Geoth.  Res. 
Lipman,  P.  W. , Normark,  W.  R. , Moore,  J.  G., 
and  Gutmacher,  C.  E.,  1988,  J.  Geophys.  Res. 


and 


22,  163-197. 
Wilson , J . B . , 
93,  4279-4299. 


Figure  1. 
datapoints 
ter restria 
origin  (3, 


ot  of  H/L  versus  landslide  volume.  Circles  are 
=rom  Valles  Marineris  (from  Table  1);  squares  are 
datapoints  for  dry  rock  avalanches  of  nonvolcanic 
1].  Lines  are  least-squared  fits  to  each  dataset. 
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Table  1.  Dimensions  and  Yield  Strengths  of  Some  Landslides 
m Valles  Marineris 


Lat , Long 
( degrees ) 


H/L 


2 

Volume 
(km3  ) 


Deposit 

Area 


Height  of 
Flow  Front 


Slope  at 
Flow  Front 


Yield 


-6.4,  87.0 

0.059, 

0.043 

17880 

4716 

-3.4,  70.7 

0.100 

4880 

1175 

-3.2,  71.2 

0.102 

4183 

1244 

-6.4,  85.2 

0.072, 

0.085 

4047 

2200 

-3.1,  73.9 

0.095 

3267 

1287 

-3.1,  71.6 

0.125 

2960 

1675 

— 5.2,  86.2 

0.108 

2761 

1144 

-3.1,  72.6 

0.130 

1282 

1244 

-3.9,  87.6 

0.096 

833 

1075 

-4.7,  79.7 

0 . 080 

688 

888 

-4.3,  86.8 

0.142 

668 

656 

-4.4,  70.0 

0.141 

655 

470 

-4.4,  86.6 

0.150 

321 

312 

-4.7,  82.7 

0 . 085 

157 

325 

-8.2,  85.1 

0.124 

32 

125 

-4.3,  74.4 

0.200 

29 

350 

-5.6,  87.6 

0 .111 

1 4 ( * ) 

175 

-4.9,  82.6 

0.150 

11 

44 

-4.4,  85.8 

0.305 

5 . 5 ( * ) 

84 

-4.4,  85.4 

0.310 

5 . 3 ( * ) 

81 

-4.4,  85.6 

0.326 

4 . 3 ( * ) 

66 

-7.8,  84.4 

0 .313 

3 . 3 ( * ) 

50 

-4.4,  85.7 

0.365 

1 • 4 ( * ) 

22 

-5.1,  81.2 

0.314 

0 . 9 ( * ) 

13 

-5.1,  81.1 

0 .367 

0 . 3 ( * ) 

4 

-4.9,  84.8 

0.560 

0 . 1 ( * ) 

3 

) 

(m) 

( degrees ) 

'-“’3 

(10^  Pa 

291 

— 

— 

109 

3.0 

0.43 

364 

1.1 

0.52 

146 

33 

36 

80 

36 

66 

66 

66 

66 

66 

66 

66 

36 


3 . 4 
2.9 


3 . 8 

3.5 

2 . 5 

3.5 
8.3 

3 . 5 
3 . 8 

7.6 


0.64 

0.12 


0.18 
0.30 
0.21 
0.30 
0 . 70 
0.30 
0.32 
0.64 


- w *■  ui  & j.  uuip  scarp. 

2.  Estimated  from  geometry  of  slump  scarp,  except  for  landslide 

snowed  by  (*,,  for  which  vo[ume  waP  esJaJ“S5£Jd8 
flow-margin  height  x area.  y 

3.  Estimated  by  measuring  width  of  flow  front  on  best  image  and 

assuming  a slope  of  20°.  y a 


4.  Ground  slope  near  flow  margin,  measured  from  topographi- 


maps 
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MINIATURE  ANALOG  OF  SPUR-AND-GULLY  LANDFORMS  IN  VALLES  MARINERIS 
SCARPS 

Alan  D.  Howard,  Department  of  Environmental  Sciences,  University  of  Virginia,  Charlottesville,  VA 
22903 


The  walls  of  Valles  Marineris  are  generally  dissected  by  intricate  digitate  scarps  (spurs) 
extending  downslope  from  the  scarp  crest  (Figure  1),  which  are  bordered  by  and  give  way  downslope  to 
concave  gullies  and  talus  which  has  accumulated  at  the  angle-of-repose  [1-5].  Small  analogs  of  these 
spurvnd-gully  landforms  develop  in  excavated  slopes  in  slightly  cohesive  fine  sands.  Figures  2 and  3 
show  two  examples  of  such  crenelated  erosional  forms  developed  in  pits  excavated  in  slightly  damp 
terrace  sands  along  the  Colorado  River  in  the  Grand  Canyon.  The  photographs  show  scarps  about  0.25 
m high,  although  the  slopes  continue  about  0.1  m below  the  base  of  the  photographs.  Figure  1 is  an 
example  of  similar  topography  in  Valles  Marineris,  where  the  overall  relief  is  about  2-6  km.  Features 
of  similarity  include  the  bifurcating  spurs  excavated  in  bedrock  which  are  convex  in  longitudinal  profile 
and  intervening  steep,  spoon-shaped  hollows  and  gullies  in  bedrock  which  give  way  downslope  to 
gentler  depositional  slopes  which  have  accumulated  at  the  angle-of-repose.  The  longitudinal  profile 
along  the  gullies  is  therefore  concave.  The  overall  gradient  of  the  slope  walls  is  only  a few  degrees 
steeper  than  the  angle-of-repose.  Slight  layering  in  the  sand  is  expressed  as  ledges  and  indentations  on 
some  of  the  spurs  (Figure  3);  similar  layering  is  seen  on  some  Valles  Marineris  spurs. 

These  probable  small  analogs  are  particularly  intriguing  because  they  give  insight  mto  the 
interplay  of  processes,  relief,  and  materials  that  create  spur-and-gully  topography.  Furthermore,  these 
landforms  develop  rapidly  at  a convenient  scale  and  are  suitable  for  experimental  manipulation.  Such 
controlled  experiments  may  permit  quantification  of  processes  and  development  of  scaling  relationships 
that  will  permit  evaluation  of  rock  properties  and  slope  processes  in  Valles  Marineris. 

The  terrace  sands  of  the  Colorado  River  are  fine  sand  with  as  much  as  a few  percent  of  silts  and 
clays  [6].  Unfortunately,  no  samples  were  obtained  of  the  exact  sands  shown  in  Figures  2 and  3.  The 
sands  were  noted  to  be  very  slightly  damp  when  first  excavated.  The  pits  excavated  in  Figures  2 and  3 
were  initially  about  0.5  m deep  with  side-slopes  steeper  than  the  angle-of-repose  for  loose  sand,  but 
partly  filled  with  the  backwasting  sand.  Spur-and-gully  topography  began  to  develop  within  a few 
seconds  following  excavation  as  a result  of  repeated  small  sand  avalanches,  and  initially  extended  to 
nearly  the  base  of  the  excavated  slope  as  intricately  branched  spurs  and  long  gullies.  However,  as  loose 
sand  accumulated  at  the  base  of  the  slope,  the  angle-of-repose  slope  extended  progressively  further 
upslope  and  the  spurs  became  shorter  and  less  branched,  partly  by  wasting  away  and  partly  by  burial. 
Because  of  the  rapidity  of  initial  mass  wasting,  no  photographs  of  the  early  stages  were  obtained.  The 
rate  of  mass  wasting  decreased  with  time  but  did  not  cease  until  all  the  spurs  were  finally  consumed. 
This  sequence  of  slope  evolution  parallels  the  historical  evolution  of  Valles  Marineris  scarps  inferred  by 
Patton  [5].  Note  that  this  evolution  of  the  spur-and-gully  topography  occurred  subsequent  to  creation 
of  the  slope  and  required  no  net  removal  of  material  from  the  slope. 

The  similarity  of  form  between  the  sand  and  Valles  Marineris  spur-and-gully  topography 
<mggp.<a<;  analogous  processes  may  be  occurring.  The  dominant  mass-wasting  process  in  the  miniature 
forms  is  repeated  small  avalanches  of  sand.  The  triggering  process,  particularly  in  the  later  stages,  of 
scarp  evolution,  was  drying  of  the  sand,  which  reduced  its  cohesiveness.  However,  the  rapid  erosion 
early  in  the  scarp  evolution  probably  occurred  largely  by  repeated  progressive  failures  of  inherently 
unstable  slopes.  An  important  question  is  whether  the  spur-and-gully  topography  develops  primarily 
because  the  spurs  lag  in  erosion  relative  to  removal  of  material  in  the  gullies  or  whether  the  avalanches 
have  erosive  potential.  The  smooth,  branched  profiles  of  the  gullies  suggest  the  avalanches  have  at 
least  modest  erosional  capabilities. 

It  is  clear  from  the  nature  of  the  erosional-depositional  processes  that  all  parts  of  the  spur-and- 
gully  landscape  are  marginally  stable,  being  either  angle-of-repose  slopes  of  accumulation  or  steep, 
short  bedrock  slopes  (damp  sand  in  the  miniature  analog)  on  the  verge  of  avalanche  failure.  The 
avalanching  process  is  clearly  the  dominant  mechanism  on  these  slopes.  At  least  three  types  of 
weathering  processes  may  trigger  the  avalanching  in  natural  spur-and-gully  slopes. 

1)  Decrease  in  shearing  resistance  due  to  alteration  of  bedrock  on  exposure  to  a dry  atmosphere. 
Drying  of  the  sand  occurs  in  the  miniature  landforms  whereas  loss  of  ground  ice  or  some  other 
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weathering  process  resulting  from  contact  with  air  might  occur  in  the  Martian  case. 

2)  Weathering  due  to  imported  moisture.  Larger  spur-and-gully  topography  in  terrestrial  alpine 
and  polar  landscapes  may  occur  largely  due  to  frost  weathering  or  chemical  alteraton  of  exposed 
bedrock. 

3)  Progressive  failure  of  nearsurface  bedrock.  Marginally  stable  slopes  may  become  weaker 
through  time  as  fractures  gradually  extend  and  integrate  under  gravitational  stresses. 

In  all  these  cases  it  is  clear  that  the  weathering  process  and  failure  surfaces  are  shallow  as 
compared  to  more  typical  landslides,  including  those  erf  Valles  Marineris  [7], 

The  characteristic  scale  of  the  spur-and-gully  landforms,  whether  miniature  or  monstrous,  is 
clearly  controlled  by  the  characteristic  size  and  energetics  of  the  avalanches.  If  the  important  factor  is 
the  characteristic  size  of  the  debris  avalanche,  then  this  in  turn  should  be  related  to  such  factors  as 
bedrock  shearing  resistance  (including  solid  rock  strength  as  well  as  density  and  orientation  of  primary 
and  secondary  fractures),  overall  slope  steepness  and  height,  the  gravitational  constant,  and  the 
characteristic  depth  of  weathering.  If  the  scale-controlling  factor  is  the  scouring  potential  of  the  debris 
avalanches,  then  this  is  in  turn  controlled  by  the  characteristic  size  of  avalanche,  slope  steepness,  flow 
energetics  (depth,  velocity,  grain  dynamics),  particle  characteristics  (size  range,  hardness,  and 
durability),  and  bedrock  erosion  resistance.  Only  a few  of  these  factors  are  likely  to  be  important  in 
any  particular  case,  and  it  is  unclear  at  present  which  control  development  of  the  miniature  landforms. 

Lucchitta  [2]  and  Patton  [3]  have  identified  spur-and-gully  analogs  in  terrestrial  temperate  and 
polar  deserts.  In  addition,  the  fluted  erosional  pattern  on  many  alpine  peaks  is  probably  also  eroded  by 
avalanches,  but  digitate  spurs  are  less  well  developed  due  to  the  radial  symmetry.  Process  studies  on 
these  large  analogs  is  limited  by  their  remoteness  and  the  very  sporadic  occurrence  of  avalanching.  The 
miniature  analogs  described  here  offer  the  potential  for  controlled  experimentation  over  relatively  short 
time  scales.  Spur-and-gully  evolution  can  be  photographically  and  photogrammetrically  monitored  to 
allow  estimation  of  size,  velocity,  and  depth  of  individual  avalanches.  Furthermore,  material  properties 
and  "weathering”  processes  can  be  varied.  Even  smaller  analogs  occur  in  powders,  and  sediments  with 
modest  cohesion  may  provide  somewhat  larger  analogs  than  those  described  here. 
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p2laSYseEa!T^AmTaE^0F  SED,MENT  volijme  ™ the  north 

Arizona  85287-1404^'  Greeley’  DePartment  of  Geology,  Arizona  State  University,  Tempe, 


form  of  extensivelndrseasnand  du^eM  ^ol;“9s)edl"ient  in  the 

the  marfanTedimemaiy6 cycle " variations  iif ^ ^ nCCess?y  in  order  to  assess  theirro^in 
the  ways  in  which  the  sand  seas  have  accumulated  a 1Tnt  v0  ume  ma)'  Provide  information  on 

sources  In  this  abstract  we  provide  a SSS™  S“8S?j  P0551613  ori8ins  a"d  Moment 
studies  of  dune  motphome^  P^hminaiy  estimate  of  dune  sediment  volume  based  on 

d3"«  w«h  detailed 

dunes  in  tetrestnal  sand  seas  tave  lmages'  Studics  of 

with  dune  height,  whereas  dune  height  increases  Hn?fJt  , T increases  exponentially 
Therefore  areas  of  large  dunes dU"e  SpaCln®  faster,  1988) 
sediment.  The  sediment  thickness  represented  hi  rtS*  5?d’  repre?ent  * net  accumulation  of 
spread-out,  sediment  thickness  (ESTi  The  relit-  C dynes  1S  by  their  equivalent,  or 
terrestrial  dunes  (Fig.l)  proves  the  meanlm  S ?etWeCn  Fland  dune  spacing  for 
parameter  (dune  spacing)  that  is  relatively  easily  °u-  s<fdlment  thickness  from  a 

dunes  do  not  completely  cover  the  surface  ^o  estimates  of  °rbli,al  images.  In  many  areas, 
in  proportion  to  the  area  covered  by  dunes  Th^?  ?f  dimeilt  Sickness  need  to  be  reduced 
considered  as  minimum  values;  the/are  estimated  of  the  sT?CS  °f  sediment  thlckness  should  be 
no.  take  into  account  sediment  dra. ha^lXd  ^ow^n^^ "*  dU"eS’  a"d  d° 


Dune  spacing  (m) 

tg.  . elation  between  EST  and  dune  spacing  derived  from  terrestrial  dunes, 
imaged XheNmhM^re^ofS 

these  measurements  and  the  relation  a 1 id  L™  nUlf '°nS  ,of  EST  w«e  derived  from 
major  sand  seas  can  be  identified  Tabfc 1)  s milar  T,PhP  3‘  3 of  1:5  M <FiS-  3).  Four 
Dial  (1984).  Within  each  sand  sea  the  area^covererrhv^H naappad  by  Tsoaretal.  (1979)  and 
complete  cover,  with  a mean  cover  of  50  7% C ”Jf  ran8fs  from  ‘ess  than  5%  to 

and  2955  m,  with  a mean  of  512  m (Fig.  2). 
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spacing  of  300-650  m.  Very  widely  spaced  dunes  (>900  m)  are  mostly  scattered  barchans  in 
marginal  areas  of  the  sand  seas.  Assuming  that  martian  dunes  are  a similar  shape  to  terrestrial 
dunes,  most  are  therefore  12  to  26  m high,  based  on  relations  between  dune  spacing  and  height 
for  transverse  dunes  in  a variety  of  sand  seas  (Lancaster,  1988). 


Fig.  2.  Distribution  of  dune  spacing  (m)  in  the  North  Polar  Sand  Seas 

Equivalent  sediment  thickness  for  the  sand  seas  ranges  from  0.10-0.50  m to  a maximum  of 
5 0-6.0  m,  with  a mean  of  1.81  m (Table  1;  Fig.  3).  EST  is  between  2 and  4 m over  wide  areas 
of  the  sand  sea  between  100  and  260°  W.  Average  EST  is  greatest  in  this  area  and  significantly 
lower  in  the  other  dune  areas.  Within  each  sand  sea,  EST  follows  a consistent  pattern,  with  the 
greatest  sediment  thickness  in  the  center,  decreasing  toward  the  margins. 

Table  1.  Percentage  cover  of  dunes,  mean  EST,  and  sediment  volume  in  major  North  Polar 
sand  seas 


Latitude 

Longitude 

Area 

Dune  cover 

Mean  EST 

Sediment  volume 

o 

n 

(km^) 

(%) 

(m) 

(kmJ) 

74-80 

40-70 

1.06  x 105 

37.5 

1.28 

155.6 

76-81 

85-105 

5.00  x 104 

42.8 

1.33 

62.3 

76-83 

110-260 

4.70  x 105 

57.0 

2.13 

935.7 

76-80 

260-280 

3.25  x 104 

33.0 

0.89 

3.3 

Sediment  volumes  (Table  1)  were  computed  from  the  isopachs  of  sediment  thickness  (Fig. 
3).  The  total  volume  of  sediment  contained  in  the  dunes  of  sand  seas  of  the  North  Polar  region  is 
1 195  km3  of  which  78%  lies  in  the  large  sand  sea  between  1 10  and  260°  W . This  estimate  is  an 
order  of  magnitude  less  than  that  of  Thomas  (1982),  but  is  based  upon  much  more  realistic  views 
of  the  size  of  the  majority  of  martian  dunes,  and  the  amount  of  sand  they  contain. 

Our  new  estimate  of  dune  sediment  thickness  tends  to  support  hypotheses  that  the  dune 
sands  were  derived  from  the  polar  layered  deposits  (e.g.  Breed  et  al,  1979;  Thomas,  1982, 
1988).  There  are  clear  relationships  between  eroding  scarps  and  areas  of  dunes.  Major  areas  or 
dunes,  such  as  those  between  40  and  70°  W,  lie  downwind  of  major  dissected  areas  ol  the 
perennial  polar  cap.  It  is  perhaps  significant  that  the  major  area  of  dunes  between  1 10  and  ZbO 
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W lies  between  the  present  limits  and  large  outliers  of  the  perennial  ice.  Dissected  areas  of  the 
polar  cap  and  layered  deposits  extend  for  some  3.3  x 105  km2  (Thomas,  1982).  If  the  layered 
deposits  contained  only  1%  sand-sized  material,  some  275  m would  have  had  to  have  been 
eroded  to  provide  enough  sediment  to  form  the  dunes.  This  is  consistent  with  the  local  relief  of 
200-800  m noted  by  Blasius  and  Cutts  (1982). 


180° 

+ 75°N  + 


Jr  + 


Fig.  3.  Equivalent  sediment  thickness  in  the  North  Polar  sand  seas  of  Mars.  Isopachs  in 
meters. 
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COMPARISON  OF  MARTIAN  AEOLIAN  FEATURES  AND  RESULTS  FROM 
THE  GLOBAL  CIRCULATION  MODEL 

R.  Greeley,  A.  Skypeck,  Dept,  of  Geology,  Arizona  ^ 5W' 

1404,  and  J.B.  Pollack,  NASA-Ames  Research  Center,  Moffett  Field,  LA  V4UJy. 

Aeolian  (wind)  processes  link  the  atmosphere  of  a planet  with  its  surface  Wind  is 
apparently  the  dominant  agent  of  surface  modification  on  Map  today,  as  evidence  y q 
dust  storms  Features  attributed  to  aeolian  processes  include  dunes,  yardangs,  grooves,  deflat° 

Issisi 

nf  the  features  and  of  the  interaction  between  the  atmosphere  and  lithosphere  are  critical  o 

I 

identification  and  separation  of  material  units  formed  by  a wide  variety  of  processes  (flu  , 

can  be  used  to  infer  wind  directions  and  strengths.  For  example 
Wird  et  al  (1985)  described  yardangs  oriented  with  the  prevailing  winds  at  the  time  o 
S^tfon  Hollvlr  th^nSdseveral  "sets"  of  yardang  orientations  and  suggested  that  there 
hTbeen shifts in  wind  patterns  with  time.  Wind  streaks  probably  constitute  the : best  wind 
vanes"  As  described  byPThomas  (1982)  and  others,  many  wind  streaks  change  with  time  and 
may  reflect  seasonal  shifts  in  wind  patterns  Wind  streaks  and  the ' 

have  been  relatively  well  documented  by  Sagan  et  al.  ( )»  4 trtm  data  have  enabled 

„l  /1977'1  Greelev  et  al.  (1977),  and  others.  Incorporation  of  Viking  IRTM  data  nave  enaoie 

assessment  of  sediment  sources,  transport  paths,  and  deposition  sites ; o win 

(Christensen,  1986;  Lee,  1986).  Dunes  occur  in  high  to 

Thomas  1982)  and  in  small  fields  in  equatonal  regions.  Although  most  are  fresc^nt‘;.^na 
barchan 'types  (Breed  et  al.,  1979,  Tsoar  et  al.,  1979)  indicating 

reversing  winds  were  also  suggested  by  Tsoar  et  al.  ( 9 )■  : snme  areas  suggesting 

I -incaster  and  Greeley  (1987)  identified  reversing  and  star-like  dunes  in  some  areas,  suggesu  g 
seTsonirchan geT  in  wind  direction.  However,  the  relationship  between  dune 
formative  winds  remains  uncertain  and  there  is  poor  agreement  between  the  g P h ^ 

the  dunes  and  some  models  of  wind  patterns  (Ward l and  Doyle,  1983).  suggest  that  some 

dunes  formed  when  martian  wind  regimes  were  different.  Breed  etaU  9 ) fig 

North  Pol  nr  dunes  are  eroding  today,  or  being  modified  under  long-term  changes  in  w 
regimes-  Tsoar  et  al  (1979)  and  Ward  and  Doyle  (1983)  suggest  that  some  dunes  are  currently 

developed  ^"pollack  et'al.'is  a complcx^mulaiion'of  the6 martian  atmosphere  based  on  e^t 

rlirface  shear  ^ess  ‘*A  progi^^nr^^oMh^ray^ computer  allwvs^redictions°lo  b^made 

for^he  wLd  surface  sl/ar  stress  as  a function  of  atmospheric  tenure  and  pressurejocatran 
on  Mars,  and  other  parameters  such  as  topography,  atmospheric  dust  load  f stated 

roughness  Output  from  the  program  includes  maps  with  wind  vectors  and  strengths  for  stat 
conditions  oVSan  seasonPand  climate.  The  magnitude,  posit.on,  and  aztmm^.he  GCM 
stress  vectors  are  read  from  tape  and  ate  projected  to  a mercator  bas * ■ map  Wind I sri^ wActou 

(bright  streak,  dark  streak,  yardang,  etc.)  are  then  drawn. 
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To  date,  bright  and  dark  streak  patterns  as  well  as  an  iRTivt  u j j.  . 
have  been  compared  to  GCM  simulations  between  65  and  is  d rock,abundancc  distribution 
year.  We  make  several  qualitative  oKfiSTn.*  d.egre" 1 la,,tude  for  martian 

the  GCM  predicted  ground  circulation  patterns  for  all  sea  ^ PDlt^S  show  a poor correlatton  to 
very  well  to  GCM  to  ground  circulation  dun™ ST  Bugt"  strcak  Pat,OTS  correspond 
and  at  no  other  time.  The  notlhernl hemisDherc  It?  hc,Tl5PhCfe  wtnter  (dust  storm  season) 
rock  abundance.  High  surface  stresses  occur  m t°W,S  a slron8  corTdation  to 

Chryse,  and  Utropia).  Low  stresses  occur  in  reninns  1?  S of  hlSh  r°ck  abundance  (Acidalia, 

Sinus  Sabaeus). In'  general ^ surface  Ircss  vt?If  r0Ck  abu"dance  (Amaronis,  Tharsis. 
abundance  contours.  k ectors  are  tangential  to  broad,  regional  rock 

during  and  after  duatlonn^Mllts^obiih^^ST5'  Bli^lt  Slreak  formalion  must  occur 
is  consistent  with  the  dust  deposM™ B heo  v n 5 hr t JuSl °U'  °f  ,l,e  a'"™phere.  This 
The  lack  of  correlation  of  theZk  srcelks  sug/est  hi  ?tl  f0rma‘lon  < Veverka  et  al  - l*77)- 

conduston  rock  abundance  is  smugly  controlled  by  W^S?S«oESS2! 

GCM^te^SSSSS1, 'usage  ofUitGCM  “ 'he 
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Rock  Populations  as  Indicators  of  Geologic  Processes  eo«7-i4fU 

Michael  C.  Malin,  Department  of  Geology,  Arizona  State  University,  Tempe, 

The  obiectives  of  this  work  have  been  to  1)  quantify  the  relationships  between 
nomilations  of  large  boulders  and  the  processes  and  media  that  create  and  transport  them,  2) 

factors  to  assess  requirements  for  scientific  and  engineering  observations  in  support  of 
Mars  surface  missions. 

Ronlders  and  finer  materials  from  four  field  areas  representing  three  different  processes 

during  the  field  work  to  focus  study  of  specific  MeS^em  o°f  the 

2 

test  of  the  Mars  Observer  Camera  engineenng  model. 

ssSs£SSBasS$Mgg 

The  lower  graph  in  Figure  1 shows  the  areal  percentage  of  surfaces  covered  by 
boulders  and  cobbled,  calculated  from  the  diameters  measured  in  the  field  and  estimates  of  t e 
area  of  finer  materials  (based  on  collection  and  measurement  of  representative  surface  fines). 
S nSTSili  relationships  is  seen.  Again,  the  interaction  o Ac  ^irr*nt  with  the 
rransDorting  media  in  particular  the  continued  exportation  of  only  slightly  finer  fractions 
subsequent  to  the  deposition  of  the  boulders,  appears  chiefly  responsible  for  the  wide  range 
area  Covered* b Y^ouklers  The  volcanic  ejecta  also  appears  to  have  been  separated  from  he 
finer found  farther  from  the  vent).  The  rockfall  accumulations  display 
an  abnormally  dense  distribution  as  they  were  selected  for  study  specifically  because  of 
obvious  high  areal  density. 

For  comparison,  rock  counts  are  included  for  the  Viking  Lander  1 and  2 sites  based  on 
analyses  made  on  the  Viking  Lander  high  resolution  mosaics  using  techniques  tested  y 
performing  comparable  measurements  on  oblique  photographs  terrestrial  areas  studied  in  the 

field. 

In  general  it  is  not  possible  to  predict  on  the  basis  of  large  boulders  the  presence  or 
absence  o/smaller  partied  nor  is  it  possible  to  determine,  using  the  cobble  population,  the 
number  of  large  boulders,  without  first  accounting  for  the  nature  of  the  mechamsm(s)  invo 
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in  shaping  the  debris  distribution  function.  Conversely,  it  is  possible,  using  the  shape  of  the 

SwnCUTh’ t0  ^stln8ulsh  Pr^esses-  especially  when  the  magnitudes  of  local  slopesP are  also 
known  The  surfaces  studied  represent  extremes  in  the  density  of  boulders  as  they  were 

dwf1  by  thC  nC?d  t0  aucquireT  statlstically  significant  numbers  in  order  to  characterize  the 
size/frequency  relationships.  Indeed,  at  some  locations,  the  areal  coverage  approached  100% 

£ vac^P-e*  rhT  b^ulders  imbricately  stacked  on  one  another  in  ba?s)P  However  on 
the  vast  majority  of  surfaces,  matenals  >10  cm  diameter  covered  «10%  of  the  surface  In  fact 
areas  where  boulders  and  cobbles  covered  more  than  a few  percent  (~l-3%)  of  the  surface’ 
accounted  for  less  than  0. 1 % of  the  surfaces  studied.  Owing  to  sorting  relationships  thereter 
cobbles  or  boulders  were  concentrated,  only  a relatively  small  range§in  debris  size  occurred 

If,  for  example,  a catastrophic  flood  bar  had  a mean  boulder  size  of  3 m,  there  are  few  boulders 
less  than  a meter  or  greater  than  5 m across.  oouiders 

processes’  and  surface  creep  and  sheet  flow  phenomena,  have  significantly 
modified  the  fine  components  at  each  of  the  sites  studied.  Wind-  or  low  discharge  water-flow 
have  exported  sand  and  imported  both  gravel  and  silt,  and  water-aided  infiltration  te  emicted 

th' kMrfaCe.fndeif1ar  s“b',furface  in  fines.  The  development  of  an  equilibrium  distribution  of 
pebbles  and  cobbles  by  wind  shadowing"  (the  "Chepil  Equilibrium”)  establishes  an  areal 
density  maximum  of  about  30-35%  of  the  surface  area  for  most  locations  where  sand 
compnses  the  dominant  grain  size.  Matenals  with  other  dominant  grain  sizes  do  not  show  the 

an^ erosion  Utl°n ' ^ dlfferent  and  sometimes  competing  processes  of  deposition 
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Wright  Valley  (Talus) 

1790  (Volcanic  ejecta) 

1924  (Volcanic  ejecta) 
Kreppatunga  (Flood  boulders) 
Hrossaborg  (Flood  Cobbles) 
Hrossaborg  (Flood  Boulders) 
Viking  Lander  1 
Viking  Lander  2 


Figure  1 (top):  Cumulative  number  of  boulders  per  square  meter  as  a function  of  boulder  <«“r. 

Note  that  boulders  transported  or  interacting  with  a fluid  display  a compound  curve  while  those  reflecting 
fragmentation  and  gravity  motion  show  a linear  curve  (in  the  log-log  representation). 


Wright  Valley  (Talus) 

1790  (Volcanic  ejecta) 

1924  (Volcanic  ejecta) 
Kreppatunga  (Flood  boulders) 
Hrossaborg  (Flood  Cobbles) 
Hrossaborg  (Flood  Boulders) 
Viking  Lander  1 
Viking  Lander  2 


Figure  1 (bottom)'  Cumulative  percent  of  area  covered  by  rocks  greater  than  or  equal  to  diameter  D as  a functio 
ofdiameter.  Note  the  wide  range  of  different  types  of  curves,  reflecting  different  processes.  It  is  not  possible  to 
predict  the  density  of  1 0 cm  diameter  cobbles  from  the  abundance  of  5 m boulders,  nor  is  it  possible  o p 
number  of  5 m boulders  from  the  10  cm  cobble  density. 
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APPLICATIONS  OF  GRAIN-PIVOTING  AND  SLIDING  ANALYSES  TO 
eSvalaut,onsTRAINMENT  0F  GRAVEL  AND  TO  ^-competence 

Komar,  Paul  D„  and  Li,  Zhenlin,  College  of  Oceanography,  Oregon  State 
University,  Corvallis,  Oregon  u 

^dlS°,  Sedi"en!  lhreS,,0ld  by  »ral"  Plvolin0  o'  sliding  over  underlying  panicles  are 

grave, s by",,!"  ".TS,  'spec^l^es, ^X^h  “ SZT 

«oori^eASH  'f evaluatlons  of  flow  competence  and  the  movement  of  large  clasts  bv 

~ J -o-coSnrrrrcieix^  t 

threshold  of  grains  in  uniform  deposits.  If  pivoting  coefficients  based  on  laborer! 
measurements  with  tetrahedral  arrangements  of  particles  are  used  in  the  models  smaHer 

eSrnem  eu  SOdi,n9  sre  predicted  ,han  found  in  lha  ,iald  measurements  ofTrale 

entrainment.  However,  if  reasonable  modifications  of  those  coefficient*  aro  m,?! 

mnde?601  condltlons’  then  ,he  models  yield  good  agreement  with  the  data  Slidina 

v^eTd  s;mera,SOr,'n°  15  dUe  eMMy  10  pr°iecli°"  dis,a"“=  »t  the  grains  abovT.he  Sd 
yield  somewhat  poorer  agreement  with  Ihe  field  data:  however  the  slirlinn  rrwrli!  „ 

IheorelS0"  'r°m  l"b°,a,0rv  a‘Pad"a"*  «"  grave,' eSIilin  IhZhe  dafa  and 
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GRAIN-SIZE  VARIATIONS  DURING  TRANSPORT  AND  THE  EQUAL  MOBILITY 
OF  GRAVELS  IN  OAK  CREEK,  OREGON 


Komar,  Paul  D.,  and  Shyuer-Ming  Shih,  College  of  Oceanography,  Oregon 
State  University,  Corvallis.  Oregon 

Size  distributions  of  gravels  transported  in  Oak  Creek  show  systematic  variations  with 
flow  discharges  and  bed  stresses.  At  high  discharges  the  transported  gravels  fit  Rosin 
distributions,  the  distribution  produced  by  crushed  rock  fragments.  At  low  discharges  the 
gravel  distributions  are  Gaussian.  Bimodal  distributions  are  obtained  at  the  early  stages  of 
floods,  but  none  are  found  during  waning  stages,  even  though  flow  discharges  are  similar. 
Transformation  from  the  Gaussian  to  a Rosin  distribution  with  increasing  discharge  can  be 
explained  by  processes  of  selective  entrainment  and  transport.  Samples  of  the  armor  and 
subarmor  follow  Rosin  distributions,  reflecting  the  source-rock  nature  of  the  gravels.  At 
high  discharges  the  transported  materials  reflect  the  Rosin  distribution  of  the  bed  gravels, 
although  there  are  distinct  shifts  in  ranges  of  sizes.  At  lower  discharges  random-selection 
processes  must  be  more  important  to  gravel  entrainment;  the  resulting  Gaussian 
distributions  of  transported  gravels  then  reflect  similar  distributions  of  bed  stresses 
exerted  by  the  stream  flow. 

The  systematic  changes  in  size  distributions  with  discharge  indicate  a departure  from  a 
condition  of  equal-grain  mobility  which  has  been  suggested  for  gravel  transport  in  Oak 
Creek.  Although  all  size  fractions  participate  in  the  shifting  distributions,  the  largest 
changes  are  found  in  the  coarsest  fractions.  This  permits  flow-competence  correlations 
which  involve  the  measure  of  a current's  sediment  moving  ability  inferred  from  the  sizes 
of  the  particles  transported  under  a given  set  of  hydraulic  conditions.  Flow  competence 
equations  have  been  developed  for  Oak  Creek  which  yield  evaluations  of  discharges,  mean 
bed  stresses  and  the  Shields  entrainment  parameter  as  functions  of  the  transported  gravel 
sizes.  The  gravel  sizes  used  in  such  correlations  include  the  parameters  of  the  Rosin 
distribution  and  the  maximum  clast  diameters  transported. 
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FLOW-COMPETENCE  EVALUATIONS  AND  THE  NON-EQUAL  MOBILITY  OF 
GRAVELS  IN  OAK  CREEK,  OREGON 

Komar,  Paul  D.,  College  of  Oceanography,  Oregon  State  University, 

Corvallis,  Oregon 

Flow-competence  assessments  of  floods  have  been  based  on  the  largest  particle  sizes 
transported,  and  yield  either  the  mean  flow  stress,  mean  velocity,  or  discharge  per  unit 
flow  width.  However,  questions  have  been  raised  concerning  how  meaningful  those 
evaluations  are  in  view  of  evidence  for  the  equal  mobility  of  all  grain-size  fractions  in 
gravel-bed  streams.  In  order  to  address  this  issue,  the  gravel  bedload  data  of  Milhous 
(1973)  from  Oak  Creek  have  been  analyzed  to  examine  how  percentiles  ranging  from  the 
median  to  the  95th  of  the  sieved  distributions  vary  with  flow  stresses  and  discharges,  and 
how  these  results  compare  with  the  variations  of  the  maximum  particle  sizes  transported. 
Of  the  several  percentiles,  the  medians  change  most  rapidly  with  increasing  flow,  the  60th 
percentile  is  next,  and  so  on  to  the  coarsest  95th  percentile  which  shows  the  smallest 
response.  The  variations  in  the  sizes  of  the  maximum  particles  transported  continue  this 
trend,  and  are  similar  to  those  for  the  95th  percentile.  These  systematic  variations  are 
consistent  with  changes  in  the  overall  grain-size  distributions  which  tend  to  be 
symmetrical  and  Gaussian  at  low  discharges,  but  become  skewed  Rosin  distributions  at 
high  flow  stages.  It  is  concluded  that  gravel  transport  in  Oak  Creek  departs  significantly 
from  perfect  equal  mobility,  and  this  permits  flow  competence  evaluations  from  the 
changing  bedload  grain  sizes.  The  simultaneous  use  of  several  percentiles  from  the  bedload 
size  distributions,  together  with  the  maximum  particle  sizes  transported,  yield  the 
optimum  competence  evaluations  of  flood  hydraulics. 

Similar  analyses  are  underway  of  the  measurements  by  P.A.  Carling  of  gravel 
transport  in  Great  Eggleshop'*  Beck,  England.  The  bed  material  in  that  stream  shows  little 
if  any  development  of  an  armor  pavement,  and  therefore  will  provide  an  interesting 
contrast  with  the  results  from  Oak  Creek  which  is  classically  armored. 
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CHAPTER  9 


VOLCANIC  PROCESSES  AND  LANDFORMS 


RHEOLOGICAL  EXTREMES  OF  CRYOGENIC  LIQUIDS  ON  ICY  SATELLITES 


j.S.  Kargel  and  S.K.  Croft,  Lunar  and  Planetary  Lab,  University  of 
Arizona,  Tucson,  AZ  85721 

Throughout  the  past  decade  of  Voyager  spacecraft  explorations  it  has 
become  increasingly  apparent  that  the  surfaces  of  many  icy  satellites 
have  been  constructed  and  shaped  by  extrusions  and  explosions  of 
cryogenic  liquids,  and,  in  the  cases  of  Titan  and  Triton,  may  also  be 
washed  by  seas  of  cryogenic  liquids. 

The  compositions  of  these  cryovolcanic  materials  are  not  well 
known,  but  a well-educated  guess  holds  that  the  cryovolcanic  lavas  were 
generally  aqueous  solutions,  and  in  many  cases  probably  also  were 
ammoni a — r ich , and  may  have  contained  other  substances  as  well.  The 
hypothetical  seas  of  Titan  and  Triton,  if  they  exist,  are  probably  rich 
in  liquid  nitrogen,  containing  also  uncertain  quantities  of  methane, 
ethane,  and  other  non-polar  hydrocarbons  and  heavy  organics.  Frozen  lava 
flows  of  similar  non-polar  liquid  solutions  might  also  be  expected  in  the 
coldest  reaches  of  the  Solar  System. 

The  dimensions  and  morphology  of  cryovolcanic  landforms,  like  their 
terrestrial  silicate  counterparts,  depend  sensitively  on  the  exact 
compositions  and  rheological  behaviors  of  the  lavas.  The  response  of 
cryovolcanic  crusts  to  differential  stresses  (i.e.  folding  or  faulting 
under  compression)  also  depends  on  the  lava  flow  layer  thicknesses 
(therefore,  lava  rheology) . Much  of  the  variability  in  icy  satellite 
surfaces  can  be  attributed,  directly  or  indirectly,  to  lava  rheology. 

Less  is  known  about  Titan  and  Triton.  Do  cryogenic  seas,  perhaps 
even  cryogenic  analogs  of  the  terrestrial  hydrologic  cycle  exist  on  Titan 
or  Triton?  The  erosional  potential  and  sediment-carrying  capacitiy  of 
waves  and  currents  in  these  seas  or  streams,  if  they  indeed  exist,  depend 
to  a large  extent  on  the  viscosity  of  the  liquid.  Although  this  is  still 
deep  within  the  realm  of  speculation,  the  upcoming  encounter  with  Triton 
may  offer  us  an  exciting  glimpse  of  such  activity.  Whatever  phenomena 
Triton  exhibits,  it  almost  certainly  will  be  a world  largely  formed  and 
shaped  by  liquids,  past  or  present?  the  landforms,  whatever  they  may  be, 
will  tell  us  something  about  the  rheology  of  those  liquids.  The 
rheological  properties  of  cryogenic  liquids  may  allow  us  to  infer  the 
compositions  of  the  surface  materials.  The  remainder  of  this  paper  shows 
that  plausible  cryogenic  liquids  may  span  a dozen  or  more  orders  of 
magnitude  in  viscosity.  Of  all  the  satellites  in  the  Solar  System,  Triton 
and  Titan  offer  the  greatest  chance  that  landforms  shaped  by  liquids 
spanning  this  full  range  of  viscosities  will  be  observed. 

Figure  1 shows  a plot  of  liquid  viscosity  vs.  temperature.  The 
silicates  are  shown  only  for  reference,  as  these  are  certainly  not 
expected  to  occur  near  an  icy  satellite’s  surface.  The  non-polar  mixtures 
of  nitrogen  and  methane,  and  weakly  polar  carbon  monoxide  (not  shown) , 
have  very  low  viscosities,  lower  than  that  of  water  at  ordinary 
temperatures.  Figure  2 shows  that  liquid  nitrogen  is  very  "watery”  in  its 
consistency.  These  substances  (and  water  as  well)  would  form  volcanic 
flows  on  the  order  of  a few  centimeters  in  thickness,  perhaps  like 
komatiite  flows  on  Earth.  Standing  or  flowing  bodies  of  nitrogen-methane 
liquid,  with  unfrozen  surfaces,  would  respond  to  wind  and  gravity  much 
like  water  does  on  Earth. 

The  ammonia-water  peritectic  mixture,  at  the  freezing  point  (176  K) , 
has  a viscosity  comparable  to  basaltic  liquids?  this  liquid  pours  readily 
(about  like  honey)  (Figure  3) . This  material  may  form  volcanic  flows  on 
the  order  of  a meter  thick.  However,  ammonia-water  liquid/ice  slurries 
are  much  more  viscous?  a few  tens  of  percent  ice  crystals  in  a rapidly 
chilled  ammonia-water  liquid  can  yield  viscosities  orders  of  magnitude 
greater.  Ammonia-water  slurries  that  are  largely  solidified  when  erupted 
could  form  flows  tens  or  even  hundreds  of  meters  thick,  particularly  on 
the  smaller  satellites  where  the  gravity  is  low. 

The  viscosity  of  ammonia-water  mixtures  may  also  be  increased 
dramatically  by  supercooling  (Figure  4)  or  by  the  addition  of  freezing- 
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point  lowering  substances,  such  as  methanol  (Figure  5)  . The  effect  of 
methanol  is  very  striking;  the  ternary  ammonia-water-methanol  eutectic 
liguid,  at  its  freezing  point  (about  153  K)  is  so  viscous  (about  105 
poise)  that  it  is  very  difficult  to  manipulate  by  hand;  Figure  5 was 
obtained  at  a temperature  about  10K  higher  than  the  freezing  point  so 
that  the  freezing  point  viscosity  is  actually  about  an  order  of  magnitude 
greater  than  shown.  Even  small  degrees  of  partial  crystallization  make 
this  substance  truly  impossible  to  manipulate  by  hand;  its  viscosity 
becomes  approximately  like  that  of  terrestrial  rhyolite  (or  like  candle 
wax  at  room  temperature) . Lavas  so  composed  would  probably  generate  flows 
on  the  order  of  a kilometer  in  thickness,  and  would  irradiate  to  a dark 
gray  color,  perhaps  offerring  an  explanation  for  cryovolcanic  flows  on 
Ariel  and  Miranda.  - 


Figure  1 (right). 
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CAN  WE  RADIOMETRICALLY  DATE  CRYOVOLCANIC  FLOWS  ON  ICY 
SATELLITES?  J.S.  Kargel,  Lunar  and  Planetary  Lab,  University  of  Arizona 

It  is  commonly  assumed  that  radiometric  possible8  with 

minerals  is  practical  with  slll<r^r®  S of"  the’  qiant  outer  planets  because  of 

cryovolcanic  ices  on  the  icy  satellites  of _ the  giant  o, «er  p ^ elements  in 

the  presumed  lack  of  high  atomic  weig  hinder  our  future  efforts  to  understand 
the  ices.  If  true,  this  would  seriously  hinder  our  future ^en  This  report  is  a 

the  geological  and  co*™°*°n™h potential  for  obtaining  absolute  ages:  the  view 

preliminary  assessment  of  th  P onlv  we  can  obtain  some  samples! 

from  this  lab  is  rather  encouraging,  if  only  we  can  oo  degassed  or 

We  might  be  able  to  apply  K-Ar  methods  c°JtaTn  phyllosilicates.  A big 
partially  degassed  silicate  r'estrial  K-Ar  and  Ar-Ar  dating  of  clays  and 

problem  frequently  encountered  in  teIfr  of  these  (e.g.  glauconite)  readily 

certain  very  fine-grained  micas  is  jy  of  thj  Jrface  temperatures  in 

lose  their  radiogenic  Ar  and  even  exchange  Sr  at  Earth  su  v dating  icy 

the  presence  of  fluids.  ™is  "problem^  -ay  be  offbeat  with  their 

satellite  surfaces  if  some  xenoli  P ratures,  but  then  retain  their 

surroundings  at  satellite  1 fflW«erahnrp<?  If  so  the  K-Ar  isochron  and 

radioggnic  Ar  at  satellite  surface  _ \ ^icates  transported  to  the 

*°Ar/^Ar  step  heating  methods  applied  s for  the  flows.  However, 

satellite  surfaces  may  yield  absolute  g 9 these  methods  of  dating 

beyond  the  many  technical  uncertainties  P siliceous  xenoliths,  which 

will  require  the  good  fortune  of  sampling  aPP^°P^^®nic  flows.  Other  dating 
may  or  may  not  be  widely  dispersed  du£tion  (e  g.  14c  and  10 Be)  may  turn 

ouftoTe  1"s^uin,foCt°“rtin,,C  very  young  cryovolcanic  flows  or  pyroclastic 

deposits  as  may  occur  on  Enceladus  an<^  E^r°pa’  , on  the  presence  of  radioactive 
Other  more  conventional  dating  schemes  rely  on  tP®  Pon . Natural  aqueous 

elements  dissolved  in  the  liquid  at  t hydrothermal  fluids)  contain 

substances  on  Earth  (river  water  1 . ‘ ^ elements  used  for  radiometric 
plentiful  dissolved  salts,  including  the  i^hing  agent  for  temperatures 

dating  of  rocks.  Clearly,  water  is  a P0^7^pr!soiubIe  !alts  in  carbonaceous 
near  100K.  Additionally  tM  of  w,« and  re- 

precipi tat ioif1^1  have  ‘"occurred  in  none  neteorite  parent  bodies.  These 


considerations  s^ast \°h« ",n«ous  cr^canic  lit^.^i.ve^to  have  bean 

a chief  geological  re-surfacing  agen  . „ , , ^ f l,  o c o objects. 


a chief  geological  re-surfacing  '.°n  . ffcate^portions  of  these  objects, 

contained  dissolved  salts  leached  from  ...  which  do  not  allow  one  to 

However,  there  are  two  important  considerations ' lava.  probably 


are  ammonia-water-r ich  (r  ir  . Anpnf-\  Secondly,  the  ammoniacal 

utilized  in  the  mining  industry  as  a leaching  agent)  ^nd^y  aimnonia_ 

aqueous  cryo-l.v..  are  P-bably  qenerats  ^ should  reduce  salt 

“vbe  and  if 

feldspar  waV  the^ost  "phase  fo^K  in  "unaltered  silicates,  the  ehebical  exchange 
reaction  could  be  described  by 


NH. 


by  i 

Th,  »b„iun  ffelCfpar  ~«3£5*rt^ 
ammonium-rich"'' fluids^!)  • If  this  were^the  oniy  port*. n£0*xc*™**  f^highly 

2;SblTin“^»on^  HS^r  hS6-  PC*S<C' 5a?f 
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low  abundances  indicate  that  they  may  be  insignificant  with  respect  to  K ..lt- 
precipitation . Therefore,  the  first  step  toward  chemical  simplification  is  Jo 
ignore  the  sulfates  and  carbonates.  And,  the  extremely  high  solubility  of  kSh 
indicates  that  KOH  hydrate  will  never  attain  saturation.  Some  of  the  chlorides 

that  these  may  be  the  most  important 

liquid  (13%)  makes  hydrohalite  (NaC1.2H,0)  unlikely  to  be  near  saturation  in 
latent  erupted  liquids.  However,  hydro^ialite  will  probably  be  an  important 
late-stage  crystallization  product  along  with  other  minor  constituents  fndthe 
dominant  ammonia  hydrates.  The  radioactive  elements  *°K  and  8^Rb  do  not 
substitute  for  Na  significantly  in  halite  structures  at  low  temperature^ 
instead,  K and  Rb  probably  enter  together  into  sylvite  (KCl-RbCl  solid 
solution)  (3)  . Figure  2 shows  the  liquidus  surface  of  the  system  H O-NH  -KC1  • 
note  that  the  KC1  concentration  in  the  ternary  peritectic  2liou?d  il 
substantially  lower  than  is  the  case  with  NaCl  (0.65%  vs.  13  wight  %>  The 

importance  of  NaCl  with  regards  to  KC1  precipitation  it 

sollMUtJ  in6 the*3 hydroha lTte™ saturated^  p^rTte^  Hqufd "ffl  1 ^ 

can  be  separated  from  returned  samples  and  can  be  dated  by  the  K-Ar  and^Rb-st 

SnSJn0^  ,hhanS’ 

^ichP«^titb.et.a'Tr1itshh.%d  * fl£"  '“r/aw°,a  « ‘Tit 

ptZtiir:lr%a p-“ b!h.es^ 'Ticks' tfb1  c“ 

ures*  Thls  deficit  as  well  as  the  possibilities  offerred  by  additional 
salt  components  are  being  addressed  by  further  work. 

1.  Erd,  |**c*  &!•  t 1964,  jJ*  Mineraloq.  Soc.  America . 49,  831. 

2.  Kargel , J.S.,  1988,  Lurj . Planet.  Sci.  . XIX.  583. 

3.  Hovi , V.,  1950,  guoroen  Kemistilehtj , 232 . 80. 
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Figure  1.  Liquidus  surface  in  the  ammonia- 
water-sodium  chloride  system.  Isotherms 
give  liquidus  temperature  in  °C,  and  are 
dashed  where  extrapolated. 


SYSTEM  H2O-NH3-KCI 

Figure  2.  Liquidus  surface  in  the  ammonia- 
water-potassium  chloride  system. 
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CHARACTERIZATION  OF  SMALL  SCALE  PROPERTIES  OF  BASALJ'^  ^VA 
PLAINS:  APPLICATION  TO  MARS  ROVER  SAMPLE  RETURN  MISSIONS 
J.  C.  Aubele  and  L.S.  Crumpler,  Department  of  Geological  Sciences, 
Brown  University,  Providence,  Rhode  Island  02912 

Proposed  Mars  rover/sample  return  missions  will  traverse,  or  at  least 
photograph  and  sample,  small-scale  surface  blocks  and  outcrops  w.th,n  large 
flow  units.  Terrestrial  field  experience,  Apollo  mission  analysis,  and  i ing 
der  1 site  analysis  show  that,  for  thinly  mantled  volcanic  plains  areas,  a recon- 
naissance traverse  cannot  readily  distinguish  (1)  boundaries  between 
petrologic/morphologic  flow  units;  (2)  gradational  contacts;  (3)  albedo  mark- 
ings that  may  be  visible  in  aerial  or  satellite  images.  Information  can  be  ac- 
quired concerning  (1)  geomorphic/terrain  units  such  as  consolidated  or  uncon- 
solidated outcrop,  soil  and  boulder  fields;  (2)  lava  flow  textural  variations  such 
as  block/cobble  population;  (3)  meter  scale  geomorph.c  features  such  as 
areas  of  aeolian  transport  or  deposition;  and  (4)  chemical  and  material 
properties.  The  scale  of  the  feature  to  be  observed  is  an  important  factor. 
Different  scale  features  require  different  traverse  lengths  in  order  to  accumu- 
late adequate  knowledge  about  that  feature.  Mlneralogical/matenal  properties 
can  be  characterized  in  short  traverses  while  terrain  or  geologic  unit  recogni- 
tion requires  greater  distances.  In  relatively  homogeneous  volcanic  plains 
areas,  basic  knowledge  necessary  to  characterize  the  general  area  can  be 
acquired  in  relatively  short  traverse  distances.  Since  scale  is  so  import  an  , i 
is  necessary  to  define  problems  and  anticipated  information  acquisition  in  ac- 
cordance with  rover  distance  capabilities.  Volcanic  plains  units  appear  to  be  a 
dominant  terrain  type  on  Mars  and  may  be  favored  landing  sites  due  to  en- 
gineering and  sampling  constraints.  The  small  scale  surface  characteristics  of 
a volcanic  plains  unit,  (blocks,  cobbles,  outcrops,  dunes,  and  other  surfica 
materials)  will  be  visible,  and  may  even  act  as  limiting  parameters  to  rover 
trafficability  or  lander  sampling  strategies.  These  small  scale  surface  charac^ 
teristics  can  be  interpreted  in  a geologic  context  if  we  understand  the  nature 
of  degraded  basaltic  flow  surfaces. 

Recent  field  observation  and  numerical  modeling  of  the  pattern  and  origin  o 
vesicle  zones  and  joints  in  terrestrial  basaltic  flows  has  resulted  in  increased 
understanding  of  the  processes  which  affect  flow  surface  morphology.  This 
work  has  documented  the  ubiquitous  occurrence  of  three  vertical  zones  in 
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basalt  flows:  (1)  an  upper  vesicular  zone;  (2)  a middle  vesicle-free  zone  and 
(3)  a lower  vesicular  zone,  The  upper  vesicular  zone  is  generally  about  one- 
half  of  the  total  flow  thickness.  Computer  modeling  of  the  development  of 
these  zones  confirms  that  vesicle  zonation  is  a result  of  the  nucleation,  growth 
and  rise  of  bubbles  in  solidifying  lava  and  can  be  expected  to  occur  in  all 
basaltic  flows.  Degradation  of  basaltic  flows,  therefore,  will  produce  vesicular 
blocks  until  the  erosional  level  reaches  the  central  vesicle-free  zone. 

In  addition,  observation  of  terrestrial  basaltic  flows  has  shown  that  most 
thin  (less  than  10m  thick)  flows  have  a regular  pattern  of  orthogonal  joints  in 
vertical  section.  The  joint  pattern  characteristically  occurs  with  individual  joint 
planes  oriented  perpendicular  and  parallel  to  the  flow  surface.  Parallel  joints 
are  generally  laterally  continuous  in  many  flows,  and  increase  in  spacing 
downward.  A few  perpendicular  joints  penetrate  the  entire  thickness  of  the 
flow,  separated  by  a distance  equivalent  to  the  flow  unit  thickness.  Between 
these  joints,  adjacent  joints  extend  to  shorter  distances  within  the  flow;  and 
between  these  shorter  joints,  other  joints  extend  to  even  shorter  vertical  dis- 
tances. A modified  model  of  contraction  crack  formation  and  interaction  can 
explain  the  observed  regular  spacing  of  joints  oriented  perpendicular  to  the 
flow  surface.  The  typical  thin  basaltic  flow  is  jointed  into  slabs  or  blocks  with 
dimensions  which  generally  increase  with  depth  beneath  the  flow  surface.  As 
a general  approximation,  the  joint  spacing  at  a specific  level  in  the  flow  will  be 
roughly  equivalent  to  the  depth  from  the  primary  flow  surface  to  that  level. 
Therefore,  as  a flow  erodes  vertically  the  degradational  surface  of  that  flow 
will  be  characterized  by  blocks  of  a size  similar  to  the  spacing  of  joints  at  that 
level  in  the  flow.  As  a basaltic  flow  degrades,  the  erosional  surface  will  be 
characterized  by  a bimodal  distribution  of  fines  and  blocks.  The  mode  of  the 
block  size  population  is  an  indication  of  the  depth  to  which  that  flow  has  been 
eroded. 

These  studies,  and  the  new  understanding  of  basaltic  flow  surfaces  that 
they  provide,  can  be  used  to:  1)  predict  the  surface  properties  of  basaltic 
plains  units  which  will  act  as  limiting  parameters  to  trafficability  and  sampling 
strategies  for  future  Mars  rover/  sample  return  missions;  and  2)  construct 
models  of  basaltic  surfaces  by  which  the  images  and  samples  from  future 
missions  can  be  evaluated  and  interpreted. 
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Erosional  and  Depositional  Processes  in  the  Martian  II  eayily- Cratered  Terr  a i n 

Jeffrey  Moore,  Department  of  Geology,  Anzona  State  University,  Tempe,  AZ  85287 

Mosaics  of  high-resolution  (20  to  80  m/pixel)  contiguous  images  and  other  data  (i.e 
IRTM  and  radar)  have  been  used  to  examine  the  erosional  and  depositional  processes 
resDonsible  for  various  surface  features  within  large  tracts  of  martian  heaivily-cratered  terrain. 
Redonal  chronoWies  and  stratigraphies  have  been  developed  in  order  to  determine  he 
succession  of  climatological  and  environmental  factors  that  influenced  surfaces  of  the  heavily- 

cratered  terrain. 

A Dortion  of  the  heavily-cratered  terrain  in  northeastern  Arabia  (~20-30°N  ~285- 
325°W1  was  the  first  area  of  study.  Within  this  area  are  two  subdivisions  of  the  Plateau 
Seauence^as  m^ped\^the  recent  USGS  1:15M  geologic  map  of  eastern  Mars  (Greeley  and 
Guest n 19 87 V^The  upper  unit  is  classified  as  etched  material , interpreted  to  be  a mixture  of 
Uva  flows  ovrilLtic  material,  and  impact  ejecta  degraded  by  wind  erosion,  decay  of  ground 
S==sses.  The  lower  'unit  is  termed  ridged  material  interpreted  as  an 
uneroded  deposit  of  materials  similar  to  those  composing  etched  material  but  subjected  to 
normal  faulting,  volcanic  construction,  and/or  compressional  tectonics. 

The  findings  of  this  study  indicate  that  this  region  appears  to  be  overlain  by  an 
extensive  deposit  of  material  with  the  following  characteristics: 


1 ) It  forms  the  "cap-rock"  of  the  fretted  terrain  mesas  east  of  300°W. 

2)  Channels  (including  the  "fretted  channels")  cut  through  this  deposit  but  do  not 
significantly  cut  through  underlying  materials. 


3)  The  deposit  is  <0.4  km  thick  where  measured  in  channel  cuts. 

4)  The  deposit  covers  several  106  km^  of  heavily -cratered  terrain  north  of  ~10  N 
in  Arabia. 


5) 

6) 

7) 

8) 


9) 


The  deposit  is  composed  of  at  least  four  layers  where  it  is  differentially  eroded 
in  Auqakuh  Vallis  (30°N,  300°W). 

Most  of  the  uppermost  layer  is  missing  and  assumed  to  be  most  easily  eroded. 


The  middle  layers  form  mesas  of  etched  terrain  where  this  deposit  is  undergoing 
widespread  erosion. 


doors  of  some  exhumed  craters  >10  km  diameter  are  covered  with  an  erosion- 
esistant  lower  albedo  layer  presumably  associated  with  this  deposit.  1 his 
owe^-albedo  material  also  forms  free-standing,  roughly  circular  mesas 
presumably  at  sites  of  craters  now  completely  eroded  away. 

rhe  deposit  mantles  pre-existing  topography,  rather  than  filling  in  a\| 
iepressions  as  to  destroy  relief.  It  produces  so-called  softened  terrai 
discussed  in  Squyres  and  Carr  (1986). 
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10) 


The  deposit  was  laid  down  over  some  period  of  time,  probably  on  the  order  of 
millions  of  years.  Evidence  for  this  is: 

a)  Inverted  channel  topography  in  Auqakuh  Yallis  indicates  that  following 
the  erosion  of  a channel  into  a lower  layer  of  this  deposit,  continued 
deposition  filled  the  channel.  Subsequent  erosion  formed  the  present 
Auqakuh  Vallis  system,  including  a channel  immediately  adjacent  to  the 
older,  infilled  channel.  Widespread  differential  surface  erosion  of  this 
deposit  has  exposed  the  material  infilling  the  older  channel,  creating  a 
ridge. 

b)  Of  120  craters  >10  km  in  diameter  counted  in  high-resolution  images 
covering  an  area  -450,000  km2,  75%  were  completely  mantled  (no 
raised  exterior  rims)  and  25%  had  raised  rims  and  some  interior  crater 
morphology  but  no  ejecta  deposits.  One-fourth  of  the  craters  >10  km  in 
diameter  formed  after  some  of  the  deposit  was  in  place  but  before  the 
end  of  deposition. 


1 1)  The  cumulative  crater  size-frequency  curve  for  craters  >10  km  in  diameter  is 
indistinguishable  from  that  of  the  intercrater  plains  seen  elsewhere  in  the 
heavily-cratered  terrain  (Malin,  1976),  implying  that  the  deposit  is  quite  old  and 
did  not  form  over  much  of  martian  history. 

12)  The  IRTM  models  of  Christensen  (1986)  indicate  low  block  abundance  (<5%) 
on  the  deposit  surface,  although  the  surface  has  an  intermediate  thermal  inertia 
(-5  X 10'  cal  cm-  sec-1/2  °K'1).  Most  of  the  heavily-cratered  terrain  is  blockier 
(-15%)  and  has  a higher  thermal  inertia  (-7  X 10’5  cal  cm-2  sec*1/2  “K*1).  A 
low-rock,  intermediate  thermal  inertia  surface  may  be  composed  of  a cemented 
porous  or  low-density  material. 

If  a deposit  with  the  characteristics  noted  above  were  observed  on  the  Earth  (based  on 
remotely  sensed  data),  a reasonable  conclusion  would  be  that  it  is  an  extensive,  undeformed 
horizontal,  massive,  marine-laid  sedimentary  deposit  presently  undergoing  erosion,  such  as  is 
observed  on  the  Colorado  Plateau.  The  absence  of  significant  evidence  for  ocean-sized  bodies 
of  water  ever  present  on  Mars  forces  the  exclusion  of  this  explanation.  Two  more  plausible 
possibilities  are  that  the  unit  is  a differentially-welded  pyroclastic  tuff  or  a differentiallv- 
compacted,  zonally  indurated  dust  deposit.  J 


A pyroclastic  origin  for  the  deposit  is  attractive  for  several  reasons.  Among  the 
features  the  deposit  shares  with  pyroclastic  deposits  on  Earth  are  its  ability  to  mantle  rather  than 
infill  pre-existing  topography,  the  apparent  increase  in  deposit  induration  with  depth  and  the 
formation  of  large,  flat-layered  beds  that  erode  to  form  mesas.  However,  the  drawbacks  to  the 
pyroclastic  hypothesis  are  significant.  The  martian  deposit  is  very  large  in  areal  extent  and 
there  are  no  apparent  source  vents,  and  a pyroclastic  origin  would  require  a long  episode  of 
repeated  eruptions  from  a number  of  sources  that  were  later  covered  by  subsequent  deposits. 
The  only  candidate  location  for  these  now-covered  putative  source  vents  would  be  the  younger 
lowlands  beyond  the  highlands-lowlands  boundary  just  north  of  the  northern  edge  of  the 
deposit  under  study.  The  absence  of  stoss-side  banking  of  material  against  topographic 
obstacles  would  suggest  that  the  deposit,  if  pyroclastic,  was  not  emplaced  by  ground-hugging 
flows  but  as  an  air-fall  that  retained  sufficient  heat  to  partially  weld.  66  5 
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The  indurated  dust  hypothesis  for  this  deposit's  origin  also  explains  several  of  its 
characteristics.  An  eolian  dust  deposit  could  be  very  large  in  areal  extent  and  would  mantle 
pre-existing  topography.  The  deposition  of  airborne  dust  could  take  place  episodically  over 
long  geologic  periods.  The  greatest  objection  to  this  hypothesis  is  that  terrestrial  loess  deposits 
doLSeto  create  steep  sided  mesa.  However,  if  the  deposit  were  somehow  wetted  and 
subsequently  dried,  the  materials  in  the  deposit  might  become  bonded.  The  stratigrap  1 
relationships  noted  above  would  require  such  bonding  to  be  a function  of  either  depth  (if  t 
occurred  after  the  deposit  was  formed),  or  time  (lower,  older  layers  were  tended  while  higher 
younger  layers  were  not).  Additional  information  forthcoming  from  Mars  Observer  and/ 
Mars  94  may  help  resolve  these  issues. 
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VOLCANISM  IN  THE  VALLES  MARINER  IS  OVERLOOKED? 
Lucchitta,  U.S.  Geological  Survey,  2255  N.  Gemini 


Dr. , 


Flagstaff,  AZ 


Do  volcanic  rocks  exist  in  the  Valles  Marineris?  This  question  is 
pertment  because  the  Valles  Marineris  are  gigantic  grabens,  rival rift 

Jeys  on  Eapth  in  size  and  depth.  They  have  been  interpreted  as  extensional 
tectonic  structures,  perhaps  incipient  rifts  (1,  2,  3,  4).  On  Earth  rift 

vfi  2V°  -y  C°nJain  volcanic  deposits.  On  Mars,  deposits  inside  the 
III  MariJe^.s  grabens  do  not  have  the  unique  morphologic  signature  of  such 
easily  identified  volcanic  features  as  shield  volcanoes  or  lava  flows. 

re  ore,  many  researchers  have  not  recognized  the  deposits  inside  the  Valles 
Manneri5  as  volcanic.  Is  Mars,  then,  different  from  Earth  in hiving formed 
n ft! ike  grabens  unaccompani ed  by  volcanism?  ^ 

An  intensive  study  of  high-resolution  stereoscopic  images  found  that 

olSer  a ]?" '' 52  Mari"eris  reflect  two  episodes"  of  ^position  the 
alnr  ’ a . 1 a-^ed  sequence  was  formed  that  now  stands  as  high  eroded  mesas 
approaching  the  elevation  of  the  bordering  plateau  (5);  in  the  younqer 

cfol^to  that  Hpf  th aS  deP°S:ted  °n  3 d6eply  er0ded  surface  whose  elevation  is 
close  to  that  of  the  present  trough  floors  (6). 

The  older  sequence  consists  of  layers  displaying  a variety  of 
morphologies  and  thicknesses.  Thin-bedded  layers  alternate  with  thick-bedded 
ones.  Some  layers  are  single;  others  occur  in  repeated  couplets  Dark  and 
light  layers  are  pterbedded.  Locally,  dark  layers  are  more  resistant  to 
e os, on  and  form  ledges  that  shed  dark  talus  slopes;  light  layers  tend  to  be 
more  massive  and  are  dissected  by  parallel  flutes  eien  on  low  slopes 
attesting  to  susceptibility  to  wind  erosion.  P * 

anH  ilru  °£1gln  of  these  deP°sits  is  controversial.  Volumetric  constraints 
and  lack  of  source  areas  make  it  unlikely  that  the  deposits  are  solely  of 
fluvial  or  alluvial  origin,  deposited  in  water  (5,  6).  An  eolian  origin  for 
instance  trapping  of  wind-blown  material  in  ice-covered  lakes  (7)  is9  ’ 
questionable  for  volumetric  reasons  also.  Therefore,  a volcanic  oriqin  for 
the  majority  of  these  layered  beds  is  plausible  by  default  more  thanV 
: ™vert,ble  ev  dence.  Additionally,  as  shown  below,  younge r interior 
depot, ts  are  probably  volcanic,  so  that  it  stands  to  realon  that  the  older 
layered  deposits  also  had  volcanic  components.  And,  the  observed  moroholooies 
are  consistent  with  those  of  volcanic  deposits  on  Earth:  dark resistant 

r:SirLhlno:rtu?fs?rreStr,al  basa1t  ’ayers;  mass,'ve-  'wr. 

nat^hIh%J!0!Jn9er  sequence  of  interior  deposits  consists  of  (a)  very  dark 

th3t  arS  spe^tra11^  relatively  blue  and  have  short,  stubby  lobes  in 
places,  they  occur  characteristical ly  along  faults  (8);  (b)  light-colored 

crafprwS?th  W1*  that  are  1oca11^  associated  wit  apparent volcanic 
craters  (9);  and  (c)  deposits  with  lobate  fronts,  local  layering  ?oSgh 

Hpnp<it  textures’  and  hl9h1^  irregular  albedos.  The  base  of  these  younger 
?riwtS  1S  3n  unconpormity;  they  embay  interior  mesas,  landslides  ^nd 
tributary  canyons.  They  are  generally  thin,  but  in  western  Candor ’chasma  thpv 
may  reach  a thickness  of  3,000  meters.  These  materials  are  probably  ' Y 

on  Earth' f61hetheik  deposU,s  ,have . sPectral  signatures  similar  to  mafic  rocks 
arth  (6),  their  association  with  structures  suggests  internal  origin;  the 
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locally  varied,  disordered,  and  rugged  aspect  of  the  thick  deposits  is  not 
compatible  with  emplacement  by  wind;  the  layering  in  some  sections  and  lack  or 
a source  area  make  debris-flow  origin  unlikely;  and  lobate  fronts  and 
embayments  suggest  flow  material. 

The  very  dark  patches  may  be  mafic.  Because  the  albedo  contrast  between 
the  dark  and  light  deposits  is  not  as  large  as  the  enhanced  images  would 
suggest,  the  light  units  could  be  palagonitic  tuffs  (10),  a composition  that 
also  agrees  with  their  reddish  spectral  signature.  On  the  other  hand,  young 
light  deposits  in  places  form  extensive  flat  sheets  with  lobate  fronts, 
perhaps  implying  ash-flow  emplacement;  elsewhere,  young  light  deposits  are 
thick  and  have  stubby  lobes,  implying  viscous  material.  Both  of  these 
observations  are  consistent  with  volcanism  more  volatile  rich,  explosive,  and 
perhaps  more  felsic  than  is  generally  assumed  to  have  occurred  elsewhere  on 

Mars. 

Overall,  results  from  the  study  suggest  that  (a)  volcanism  was  present  in 
the  Valles  Marineris,  (b)  the  volcanism  was  explosive  in  places,  (c)  some 
volcanism  may  have  been  more  felsic  than  that  generally  assumed  elsewhere,  and 
d)  the  younger  sequence  of  interior  beds  was  emplaced  so  late  in  Martian 
history  that  the  planet  may  be  considered  to  be  still  volcanically  active. 


Journal  of  Geophysical 
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LATE  EPOCHS  OF  WIDESPREAD  GRADATION  ON  MARS;  J.A.  Grant  and  PIT.  Schultz,  Dept. 
Geological  Sciences,  Brown  University,  Providence,  RI  02912. 


INTRODUCTION:  Crater  statistics  and  surface  morphology  establish  the  late  gradational  histories  of 
portions  of  the  Tempe,  Electris,  and  Casius  regions  of  Mars.  Significant  erosion  affecting  a thick, 
unconformable  deposit  in  the  Tempe  region  ended  at  about  the  time  of  ridged  plains  formation  in 
Hesperia  Planum.  Rapid  emplacement  and  subsequent  modification  of  a morphologically  similar 
deposit  occurred  later  in  Electris  coincident  with:  A)  formation  of  unconformable  deposits  and  in- 
creased geomorphic  activity  elsewhere  on  Mars  (1,  2);  B)  development  of  fractured  plains  in  Casius; 
and  C)  initial  stages  of  Arsia  Mons  activity  (3).  Characteristics  of  both  the  Tempe  and  Electris 
deposits  suggest  that  they  were  once  volatile  rich  and  resulted  from  air-fall  deposition  (4).  The  crea- 
tion of  these  and  other  similar  units  implies  that  epochs  of  widespread  gradation  occurred  until  rela- 
tively late  in  martian  history  and  that  during  these  periods  atmospherically  transported  volatiles  and 
dust  must  have  been  in  abundant  supply. 

OBSERVATIONS:  The  Tempe  and  Electris  deposits  are  unconformable  and  occur  over  both  inter- 
crater plains  and  heavily  cratered  upland  surfaces.  Remnants  of  the  Tempe  deposit  extend  from  near 
Tempe  Fossae  to  Acidalia  Planitia  (50°W  to  65°W  and  37°N  to  47°N).  The  Electris  deposit  is  ob- 
served incompletely  from  160°W  to  200°W  and  30°S  to  47°S,  but  partially  Tilled  craters  to  the  south 
imply  initially  broader  coverage.  The  Electris  deposits  range  from  300  to  700  m in  thickness  (based 
on  shadow  measurements)  with  an  estimated  volume  of  900,000  km3.  Although  detailed  estimates  of 
the  thickness  of  the  Tempe  deposit  have  not  been  made,  it  appears  to  average  approximately  300  to 
400  m.  The  deposits  in  both  regions  are  partially  dissected  by  enlarged,  flat-floored,  valley  networks 
which  are  observed  to  head  within  the  deposits,  but  rarely  incise  underlying  units.  Examples  of  in- 
verted topography  are  common  to  both  deposits  including  those  at  55°W,  45°N  in  Tempe  and 
190.5°W,  40°S  in  Electris. 

Four  classes  of  the  Tempe  and  Electris  deposits  can  be  delineated  from  thickness  and  morphology 
(1,  4).  The  first  class  of  deposits  grades  from  mantled  to  unmantled  areas.  A second,  slightly  thicker 
class  resembles  gullied  cuestas  that  form  partial  rings  at  constant  elevation  within  degraded  impact 
craters;  this  second  class  is  observed  only  in  the  Electris  region.  The  third  class  forms  irregular 
promontories  and  mesas  that  are  300  m to  400  m thick  (thickness  inferred  in  Tempe)  and  bounded 
by  scarps  without  basal  talus  accumulations.  The  fourth  class  of  the  deposit  is  comprised  of  irregular 
blocks  (resembling  chaotic  terrain)  in  Electris  that  are  400-700  m thick,  typically  grade  into  exhumed 
or  only  thinly  mantled  ridged  plains,  and  isolated  within  large  craters  (5).  In  Tempe,  the  fourth  class 
of  the  deposit  may  be  superposed  by  plains  units  in  Acidalia.  In  contrast  to  some  other  areas  having 
thick  unconformable  deposits  (3,  6),  pedestal  craters  in  the  Electris  region  are  uncommon. 

The  fractured  plains  of  Adamas  Labyrinthus  in  Casius  extend  from  245°\V  to  265°W  and  28°N  to 
42°N  (7,  8)  where  they  grade  to  the  north  into  the  mottled  plains  of  Utopia  Planitia  and  where  they 
are  buried  to  the  east  (7).  The  erosional  state  of  small  craters  and  relict  deposits  to  the  east  indicate 
that  material  has  been  removed  from  portions  of  the  fractured  plains. 

DISCUSSION.  Characteristics  of  all  classes  of  the  Electris  and  Tempe  deposits  demonstrate  that 
they  are  the  result  of  air-fall  deposition  and  at  least  locally  were  once  volatile  rich.  First,  their  occur- 
ience  over  high-relief  cratered  uplands  and  low-relief  ridged  plains  is  inconsistent  with  formation  by 
the  extrusion  of  flood  basalts,  fluvial  processes,  or  other  processes.  Second,  the  low  density  of  valley 
networks/area  exhumed,  an  absence  of  flow-related  features,  and  a deficiency  of  talus  at  the  base  of 
most  scarps,  all  demonstrate  that  eolian  processes  have  dominated  erosion  of  the  deposits.  Finally, 
these  observations  combined  with  the  relative  ease  of  erosion  suggest  that  both  deposits  are  comprised 
of  fairly  uniform  fine-grained  material  resulting  from  air-fall.  The  locally  volatile  rich  nature  of  the 
deposits  is  demonstrated  by  the  presence  of  relatively  young  valley  networks  which  head  within  the 
deposits  in  both  regions  and  the  occurrence  of  Electris  clouds  as  well  as  observed  high  atmospheric 
water  concentrations  (9)  over  the  Electris  deposit.  Prediction  of  the  volatile-rich  nature  of  the  Tempe 
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dvposi.  is  consistent  with  previous  conclusions  by  ^ 

i . in  the  Flectris  reeion  and  the  similanty  oci 

^exhumed  ridged  plains  indicates  rapid 1 >5  km/10-  km* 

Cumulative  cate,  statistics  indicate  that  h<  log  number  o[  this  deposit 

(N5  age)  superposed  on  the  Tempe  deposit  • • Hesperiay Planum.  Cumulative  statistics  from 
ceased  at  about  the  time  of  ridged  plains  forma  10  deposit  took  place  at  an  N5  age  of 

the  Electris  region  indicate  that  emplacement  of  Cp^gPita  to  ,he  east  of  the  Tempe 

2.05.  This  age  coincides  with:  A)  time  forma  l mantles  in  Sinus  Meridiani  and  Isidis 

deposit;  B)  emplacement  and  modification  0 simi  a ^ etched  terrains  to  the  west  and 

Basin  (14);  C)  a period  of  gradation  a fee  J accumulations  over  longer  periods  in  Arabia 

northwest  of  Isidis  Basin  (1,  2);  D)  eposi  10  eeomorphic  activity  in  Margaritirer  Sinus  (15).  For- 
and  Mesogaea  (3);  and  E)  a period  of  increased  //  17).  ,pcrcmental  slatistics  from 

mation  of  the  major  outflow  channels  occurre  n 3 ^ in  diameter  thereby  indicating  that 

the  Electris  region  show  a paucity  of  craters  . Cumulative  statistics  compiled  for  the  Electris 

a second  period  of  erosion  also  affected  the  period  had  ended  at  an  extrapo- 

region  from  craters  smaller  than  3 km  diameter  in  craters  _n  Casius  indicate  an  emplace- 

lated  N5  age  of  -1.1.  Although  cumulative  statistics  ^^mnTma^ casTo'r  Adamas  Labyrinths 
ment  N5  age  of  1.95  for  the  fractured  plains  of  -1.2)'.  High  resolu- 

indicate  a later  burial  of  the  fractured  plains  in  that  a ( p d of  gradation  also  affected  this 
tion  images  of  an  area  within  Syria  Planum  sugge.  pristine  craters  in  this  area  and  the 

area  until  an  N5  age  ol  -1.4  ,0  -1 . 1 however  .Je  .c.ency  of  p . |(>  a(fec,  ,his  rarfac 

stripped  nature  of  the  surface  suggest  that  some  deg.ee  of  degradat.o 

even  later.  , _ . nrnvide  evidence  that  punctuated  grada- 

IMPLICATIONS:  The  Tempe,  Electris  and  Casius  periods  of  gradational 

tional  epochs  on  Mars  continued  into  the  ate  ' s unconformable  air-fall  deposits  and  late 

activity  reflect  the  deposition  and  remova  o wi  Crater  statistics  and  erosional  style  in 

stage  valley  network  formation  less  than  3 bt  of  at  leHSt  regional  gradation  oc- 

Electris,  Casius,  and  Syria  Planum  imp  y producing  these  widespread  gradational  epochs 

curred  even  later.  Possible  mechanisms  capable  o p & Uzed  and  intense  volcanic  activity, 

include  volatile  release  and  redistribution  caused  y penod  of  ^ “ may  have  been 

polar  wandering  (3),  and/or  orbital  forcing  (18).  Some  pulses  o 
associated  with  the  finite  thermal  history  of  large  impact  basins  (19, 

_ nrnm  West  and  Northwest  of  Isidis  Basm 

References:  (1)  Grant,  J.A.  and  Schuliz,  P.H.,  1988,  Gradalion  on  ^arsl9EgXgamp  411_412,  in  Lunar  and  Planet.  Sci.  XIX 
and  .he  Electris  Region:  In  Prep.  (2)  Grant.  J.A.  ^ Shultz’ 'p.H.  and  Lutz.  A.B.,  1988.  Icarus,  v.  73,  91-141. 

Geophvs  Res..  87,  1179-1190.  (7)  McGill.  G.E  1985.  p.  - USGs  Map  1-1 802-B  (Eastern  region  of  Mars,. 

Planetarv  lnsu.ute,  Houston,  Texas.  (8)  Greeley.  R.  and  Guest.  J.  ..  • (10,  Underwood.  J.R..  Jr.  ano  Trask 

SU  «-  cm*  0*»M'  Tryi»?r  USOsSi-l.»  (MC-3).  (U)  Scon 

N J 1978.  USGS  Map  1-1048  (MC-4).  (11)  lJ7?:  ^S°Qn  RPA  , 1987,  Icarus,  71.  287-297.  (14)  Gnzzafft.  P. 

K L.’,  1986.  USGS  Map  1-1802-A  (Western  region  of  M 1 3 ) D H ^ ^ Granl  J.A.  (1987),  NASA  TecLMemo 
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ERUPTIVE  I^ACTIVi  I'T  V ^AT  ^HA!  DR  L\  CA^  PAT  ER  A^A  N D T YRR  H^N  A ATER  A °F 

rZi^oXai  R°na,d  CreeUy’  °eP~  °fGeo,° » A™"°  ^ersuy, 

, mn  JJe,marti^  hjgh.Iand  Paterae  (Amphitrites  Patera,  Hadriaca  Patera,  and  Tyrrhena  Patera^  are 

T l0C,aMd  i? ,he  craKred  highSsTn 

Hesperian  time  [1]  They  are  low  relief  (1-3  km  in  height)  tenures wit^vlst' areaUxKnts  no" 
efJived^^^^^ 

pVoSSnts'oflhVK^^ 

Ba^in^ay  havelnte^  the  volcM^tmterial's^  * "*  «&£ 

formed  by  eraptionsoncw  virc^  fsi^  Howe01'™'  'vere  Ih<?ughI  10  have  been 

™sparaii:  on  ^e^LiS  °r^phco™rocy'^ia^^ 

mrnimmmm 

of  V iking  1 magely  £?& 

have  been  evaluated  qualiltlfiidvT/l  "in,  Tlf  f hHadI“Ca  Pa,cra  a"d  T^"a  pa'-> 

ttTonra^db^ 

mechanisms.  As  is  the  case  for  Alha  o., t„J!n°eS  ca^  dc  useb  to  constrain  possible  eruption 
?eqm^»d°:  Cl0Udr caoVprr.e°,X ollh^volcanoes  are 

siisisssp^rss 

SHSiS«==?SE: 

tlwlower  ^vhy  and^iess  den^^tmosphere  COeffiden'S  °f  ***&»*>  be  less  due  m 
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results  for  hvdromagmatic  activity  which  indicate  a 1 - 10%  energy  conversion  [12].  The  initial 
thermal  energies  of  the  magmas  associated  with  the  paterae  are  calculated  by  assuming  a density  o 
15Mk8/m'T'*c  deposit®  and  estimating  the  volumes  of  Hadriaca  Patera  and  Tyohena .Patera 
from  the  mapped  boundaries  of  the  volcanoes  and  topographic  data  from  the  1.15M  Topog  p 

MaP  feed  pyroclasdc  flows  e.ther  by  ash  founding  or  by  erupuon 

column  collapse.  To  produce  flows  with  lengths  comparable  to  the 

the  paterae,  a minimum  initial  velocity  of  -350  m/sec  is  necessary  (for  p.  • ) ( g 

an  eruption  driven  by  magmatic  water,  this  implies  an  ex  solved  magma  X\ 

mass  eruption  rate  of  >107  kg/sec,  and  eruption  cloud  height  of  nearly  70  SlStion^t  Hecates 
eruption  rate  and  column  height  indicated  are  similar  to  those  derived  for  the  eruption  at  Hecates 

Tholus  thought  to  have  produced  the  mantling  deposit  seen  near  the  summit.  ^vniainpH 

From  an  energy  perspective  origins  of  Hadriaca  Patera  and  Tyrrhena  Patera  can  be  explained 

by  the  emplacement  of  pyroclastic  flows  fed  by  eruptions  driven  by  either  magmatic  or  ^tterna 
water  Hydrovolcanic  explosions  would  be  favored  in  the  near-surface  environment  on  Mars  as 
water  in  die  megaregolith  could  come  into  contact  with  a rising  magma  body.  Although  the 
magmatic  a ndC h yrirrnn a g m at ic  models  are  both  viable,  the  formation  of  the  paterae  by 
hvdromagmatic  eruptions  in  only  an  early  period  of  martian  history  is  conststent  wit  sugg 
global  changes  on  Mars  and  could  explain  why  this  style  of  volcamsm  is  not  evident  in  later  era  . 

The  Frailes  Formation,  Bolivia:  Analogue  for  the  Martian  Highland  Paterae? 

The  existence  of  large-scale  explosive  volcanic  deposits  on  Mars  is  controversial  Various 
eruption  mechanisms  have  been  considered  theoretically  under  martian  con^™s  I*3-**}’ * ! 
recently  a number  of  investigations  have  focused  on  deposits  possibly  generated  by  exp 
volcanic  eruptions  [7,13-16]  Many  of  these  works  cite  as  evidence  for  a pyroclastic  origin  the 
existence  of  an  erosional  morphology  uncharacteristic  of  the  effusive  sh|dd  volcanoes  on  ^rs 
While  this  may  allude  to  a pyroclastic  origin,  other  hypotheses  are  also  implied  by  thc  obse 
morphologies  [17-18].  Interpretations  of  martian  volcanic  eruption  styles  are  hindered  by  the 
relatively  few  observations  of  large,  terrestrial  explosive  eruptions  and  the  P°or  state  o 
preservation  of  large,  terrestrial  ash  deposits.  For  this  reason,  a remote  sensing  and  fi 
reconnaissance  study  of  the  Frailes  Formation  in  the  Central  Andes  of .Bolivia Jias  been ‘ 
develop  morphologic  and  spectral  criteria  for  the  remote  identification  of  ash  deposits  and  t e 
analysis  of  the  eruption  and  emplacement  processes  leading  to  their  formation. 

The  Frailes  Formation  is  an  extensive  (>  100  km  diameter)  ignimbrite  plateau  located  on  the 
western  edge  of  the  Cordillera  Oriental  in  the  Central  Andes  of  southern  Bolivia.  The  ash-flow 
sheets  comprising  the  Frailes  Formation  cover  -8,500  km?  and  were  erupted  in  late  ^ene  t me 
[19].  These  silicic  tuffs  display  varying  degrees  of  welding  and  are  commonly -100  m thick 
locally  the  thickness  approaches  1 km  [20],  The  Frailes  Formation  overlies  a folded  sequence  of 
Paleozoic  and  Cretaceous  sediments  and  earlier  Miocene  volcamcs.  Local  andesitic  to  rhyolit 
domes  and  flows  which  post-date  the  ignimbrite  occur  throughout  the  plateau.  , 

General  objectives  of  this  investigation  include  identifying  the  ntfc  Manner 

flow  units  and  determining  their  nature  and  distribution.  Using  LANDSAT  Thematic  Mapper 
(TM)  data  the  volcanic  materials  associated  with  the  Frailes  Formation  can  easily  be  disdn^is 
from  the  surrounding  sedimentary  rocks  present  in  the  fold  belts  of  the  Andes land Ion  die  of 

the  Altiplano.  In  addition,  the  extrusive  volcanic  materials  exposed  on  the  plateau  can  be 
distinguished  from  the  ash  deposits.  Several  extrusive  centers _ which  Post-date  the  Frailes 
Formation  have  been  suggested  to  be  the  possible  locations  of  sources  of  the  Frafles  as  . 
Discrimination  of  probable  ignimbrite  source  areas  from  other  eruptive  centers  is  based  upo 
Si  <hePTM  imagery  and  limited  field  observations.  Within  *e 
reeions  have  distinctive  spectral  characteristics.  These  spectral  variations,  which  are 
predominantly  the  result  of  differences  in  post-depositional  modification  allow  four  major  eruptive 
centers  and  their  associated  flow  materials  to  be  identified  within  the  Frailes  Formation. 
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0“  ?;oss,scale  1116  ^steP  region  of  the  Frailes  Formation  is  morphologically  similar  to  the 
martian  highland  paterae.  The  lgmmbrite  sheet  in  this  area  emanates  from  a topographically  high 
region  composed  of  late-stage  lavas.  The  ash  is  dissected  radially  from  its  presumed  source  (by 
fluvial  processes).  Large  channels  with  steep-sided  walls  are  found  with  more  deeply  incised 
narrow  channels  m their  interiors.  At  the  margin  of  the  plateau,  small  erosional  oudiers  of  the 
!Sw^me  316  evident‘  Continued  analysis  of  the  TM  imagery  in  combination  with  laboratory 
I^!e??v,Ce  measurements  on  collected  representative  samples  is  being  utilized  to  further  assess  the 
suitability  of  the  lgmmbntes  of  the  Central  Andes  as  analogues  for  the  martian  highland  paterae. 
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Table  1 . Characteristics  of  Hadriaca  Patera  and  Tyrrhena  Patera 


Volcano 

Dimensions 

(km) 

Edifice 

Height 

(km) 

Flank 

Slopes 

Caldera 

Diameter 

(km) 

Volume 

(m3) 

xl0“ 

Mass# 
(kg) 
x 1017 

Thermal’" 
Energy 
(kg  m2/sec2) 
x 1023 

Hadriaca 

288  x 570 

~3 

0.05  - 0.60° 

63x78 

1.867 

2.801 

3.361 

Tyrrhena 


426x660 


2+  0.16-0.28° 


45 


1.176 


1.764 


2.117 


#assumes  p = 1500  kg/m3  in  deposits 


1 kg  m 2/sec  ^ = 107  ergs 


Figure  1.  Relationship  between 
flow  length  and  initial  velocity  for 
martian  pyroclastic  flows  over  a 
0.25°  slope  for  coefficients  of 
friction  equal  to  0.05  and  0.10  [7], 
The  initial  velocity  is  correlated 
with  the  % of  the  available  initial 
thermal  energy  of  the  magma  and 
with  a corresponding  height  of 
column  collapse  (by  conversion  of 
kinetic  energy  to  potential  energy). 
The  observed  range  of  flank  widths 
for  Hadriaca  Patera  and  Tyrrhena 
Patera  is  indicated. 
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MARTIAN  AND  TERRESTRIAL  LAVA  FLOWS 
H.  J.  Moore,  U.  S.  Geological  Survey,  Menlo  Park,  CA  94025 
J.  A.  Ackerman,  North  Dakota  State  Univ.,  Fargo,  ND  58105 


We  assume  that  lava  flows  can  be  treated  as  Bingham  fluids,  and  then,  we 
calculate  yield  strengths  and  viscosities  for  mafic  to  felsic  flows  on  Earth, 
near  the  summit  of  Ascraeus  Mons  and  Alba  Patera  on  Mars.  The  calculations 
require  estimates  of:  effusion  rates,  flow  dimensions,  and  topographic 

gradients.  ri  oi 

Three  models  for  effusion  rates  are  considered:  (1)  mixed  cooling  ii,zj, 

(2)  unmixed  cooling  [1,2],  and  Graetz  number  [3,4].  The  unmixed  cooling  model 
parameters  are  calibrated  with  two  terrestrial  aa  flows  [5,6,7]  and  then 
applied  to  other  flows  on  Earth  and  Mars.  Effusion  rates  calculated  with  t e 
mixed  cooling  model  are  about  ten  times  larger  than  those  of  the  unmixed 
cooling  model;  those  of  the  Graetz  number  model  are  much  lower  than  those  of 

the  unmixed  model  (Table  1)  [see  also  8]. 

To  calculate  yield  strengths  and  Bingham  viscosities,  we  use:  (A;  a wide 
flow  model  [9],  (B)  Hulme's  model  [3],  and  (C)  model  1 of  Baloga  and  Crisp 
[10].  Model  C fulfills  kinematic  requirements  by  depositing  moving  lava  from 
the  channel  to  form  stationary  levees  [10].  All  calculations  require 
estimates  of  effusion  rate,  topographic  gradient,  lava  density,  and 
acceleration  of  gravity.  In  addition,  estimates  of  rest  thickness  and  flow 
depth  are  used  in  Model  A,  channel  and  levee  widths  in  Model  B,  and  levee 

height  and  channel  and  flow  widths  in  Model  C. 

For  the  Puu  Kiai  flow  in  Hawaii  [6],  we  find  that  both  the  yield  strengt 
and  viscosity  tend  to  increase  with  distance  from  the  vent  when  the  lava 
density  is  constant  (Fig.  1).  This  trend  is  similar  to  previous  results 
[11,12]  for  Hawaiian  flows.  No  strong  trend  is  found  for  the  1984  Mauna  Loa, 
other  terrestrial,  or  martian  flows  when  the  lava  density  is  taken  as 


constant.  , , 

Yield  strengths  from  the  three  models  are  more  or  less  the  same.  Bingham 

viscosities  calculated  with  the  mixed  cooling  model  are  about  ten  times  larger 
than  those  of  the  unmixed  cooling  model;  those  calculated  with  the  Graetz 
number  model  are  lower  than  the  unmixed  cooling  model.  Comparison  of  yield 
strengths  and  viscosities  suggest  that  there  is  a relation  between  the  two 


(e.g.,  Fig.  2). 

Estimates  of  compositions  of  martian  flows  are  subject  to  many 
uncertainties  [13].  One  of  these  uncertainties  is  that  yield  strength  and 
viscosity  may  vary  along  the  length  of  the  flow.  If  yield  strengths  and 
viscosities  are  compared  using  a given  set  of  models,  it  is  found  that  fels  c 
flows  tend  to  have  larger  yield  strengths  and  viscosities  than  mafic  flows 
(e.g.,  Fig*  2),  but  the  magnitudes  of  the  strengths  and  viscosities  differ 
among ’the  model  sets.  Our  results  suggest  that  the  martian  lavas  are  more 
akin  to  mafic  and  intermediate  lavas,  such  as  basalt  and  basaltic  andesite, 
than  felsic  lavas,  such  as  rhyolite  and  trachyte  (Fig.  3)  [see  also  14J . 
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Tab. 


Calculated  effusion  rates  in  m3/s 
using  three  models. 


for  terrestial  and  martian  flows 


Terrestrial  Flows 
Mauna  Loa  1 
Mauna  Loa  lA  * 
Puu  Kiai 
SP  Flow 
Mt.  Shasta 
Shastina 
Mono  Craters 
Mammoth  Lakes 


Mixed  Cooling 

670 

770 

260 

870 

480 

580 

220 

280 


Unmixed  Cooling 

56 

64 

21 

72 

40 

48 

18 

23 


Graetz  Number 

21 

7 

6 

11 

4 

4 

1 

2 


Martian  Flows 
Ascraeus  12 
Ascraeus  E14 
Ascraeus  P14 
Ascraeus  D16 
Ascraeus  P16 
Alba  6A 
Alba  9 
Alba  10 


1,200 

96 

1,400 

120 

730 

61 

950 

79 

890 

74 

28,000 

2,300 

35,000 

2,900 

34,000 

2,800 

2 ^fusion  rate,  adjusted  for  volatile  loss,  is  near  55  m3/s 
verage  effusion  rate  for  eight  days  is  about  23  m3/s  [5]. 


30 

44 

21 

25 

12 

69 

280 

480 


[7]. 
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Fig  1.  Yield  strength  and  Bingham 

viscosity  versus  fraction  of 

Of  flow  for  Pun  Kiai  flow  (1977),  HA. 
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rav.  3.  Bingham  viscosity  versus 
yield  strength  showing  martian  flows 
and  composition  fields. 
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METHODS  FOR  ESTIMATING  ERUPTION  RATES  OF  PLANETARY  LAVA  FT  owe: 

-iSEC “XXT at 9Ju^Ui- Ul™ y- 
terr^ure^pt^rae^rol^  SXh  *“  »la““V  — 

effusive  volcanism  because  it  influencf™  <-x  S°  &r^e.  1S  an  imPortant  factor  in 
lava  flows.  We  wUl  review  th^f  ^ a t eruPtion  style  and  dimensions  of 

eruption  rates  of  planetary  lava  f lows^nd^rwiirintrod^6"1  ^ eStimate 
The  first  method  [1]  is  based  on  the  Ril  ! 3 "eW  method- 

Lava  flows  are  assumed  to  be  isotherm^  h"3”  r?e°logy  of  certain  magmas, 
the  hydrostatic  pressure in t if?  during  emplacement  and  advance  until 

strength  of  the  embanMng  Lvees  From  t^H  c“c  ™rco~  the  yield 

yield  strength  of  the  lava  can  be  computed  dlmensions>  the 

of  the  viscosity  is  available  t,n,  ,--P  Then,  if  an  independent  estimate 

approximate  balLe  XXsXaXtrX  £ ^ “ 
between  the  channel  and  the  levee  One  of  the  Ml  “ tl“  lnterfa0« 

r-:.^trb  this  — 

and  viscosity,  determined  fr^Xe^ti^'o^r^rUrn^f "tf ^ 

i^nwr:„iain2flnr  <?ls  ~ 2~  ^r- 

relationship  between  yield ’ strength  and  ^ ^ ?SSUmptlon  of  an  empirical 

c^lJLT^  Str°ng-dePend“^ 

crystallinity,  magma  composition,  and  water  content.  ' 

e second  method  is  based  on  an  empirical  study  by  Walker  T51  nf 

ZZ'SZZZft  measuring  ST^  » ™eTXt‘^l0n  rate 

S^X^lX  “"VS !rP-Ulat< ‘ 

co„H"Bapr*cessei0;igJtWl11»irrtme1th0d'wHU«m<!  ™d  Fleld<!r  I6'  conceded  that 
that  all'otLr  dLXLns  “e  contj^f.'d  h ^ * lth° ^ thV  assumed 

They  proposed  a dimenslo^X 


Gzc  ~ 


Q h / K L W 


(1) 


conLc^^  he^riolrorrr^ri^ina^nufd0"! 1S  - analn8°US  “ the  F°^« 

i/s'Xr  btaTtT^rfr",'  h thlck™“'  « theXl  W’ 

walker's  [5,  da«  to  Und  Czfw'sX  “ “““  ”idth>  ^ ‘ "Ul“  “d  F‘^d«  — 

flowsf  t!lenC^uptionGrates  c^be  fstirnaterfrom^fm  ^ V3Uf  f°r  planetary 
Mars  [7,8]).  Wilson  and  Head  [9]  Wilson  TlOl  and  r L^'rii/01  flows  on 
number  adjusted  for  Venusian  eravitv  and  x-  ’ d Gaddis  t11]  used  a Graetz 
estimate  Eruption  ratL  ^ no^n^VeX  l*.  > 270)  to 

Gzs  nm^Tnot  Mi^;Tng^^om1^f)0S^o^ia0(rirtat  l>St^CaUF  ae«ningful 

Etna  flows  [12  131  Fi<mra  i ovf  rro“  iU0  to  1500  have  been  computed  for 

30  single -lobe  flows  from  the  l^nQS^p3^^^  °f  Gr3etZ  ValU6S  f°r  a set  of 

data  aft  yields  Gsc  - 180  + 150  (el'o)  £?  d°°  7“,"”  . The  Puu  Oo 

that  a detailed  knowledge  of  the  modi’  o/flot  T ^ ^ ^ PUU  °°  suSgest 

ge  or  me  mode  of  flow  emplacement  is  required  before 
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determining  the  appropriate  critical  Graetz  number. 

The  third  method  is  based  on  the  assumption  that  radiative  cooling  during 
emplacement  is  the  key  factor  determining  the  dimensions  of  lava  flows  [15, 

16,  17].  In  the  thermally  "unmixed"  model  of  Pieri  and  Baloga  [17],  a 
thermally  homogeneous  core  is  covered  by  an  infinitely  thin  crust  that 
radiates  at  an  "effective  radiation  temperature"  (Te)  that  remains  constant 
during  flow  emplacement.  The  radiative  cooling  models  can  be  recast  in  terms 
of  Q/A  (A  — flow  area) , as  a function  of  initial  and  cessation  temperatures 
and  the  empirical  parameter,  Te.  This  approach  has  been  used  for  Hawaiian 
flows  [17],  martian  flows  [4,  8,  18]  and  flows  at  Io  [19]. 

It  is  preferable,  in  a statistical  sense,  to  test  this  model  using  an  h 
versus  r regression  (r  - eruption  duration),  because  h and  r are  independently 
measured  for  lava  flows,  and  h/r  - Q/A.  Analysis  of  the  Puu  Oo  data  set 
mentioned  previously  [14]  shows  that  about  45%  of  the  error  due  to  regression 
of  h on  r is  explained  by  the  regression.  This  suggests  that  important 
factors  have  been  omitted  from  the  formulation  of  the  thermal  models  that  give 
rise  to  simple  linear  Q versus  A or  h versus  r relationships. 

A new  method  for  estimating  eruption  rates  is  based  on  a two -component 
model  of  cooling  by  Stefan -Boltzmann  radiation  [20]  and  it  supplants  the 
method  developed  by  Pieri  and  Baloga  [17].  One  component  is  a cooler  crust 
and  the  other  is  a hotter  inner  core  partially  exposed  at  the  surface  along 
shear  zones,  cracks,  and  other  areas.  The  average  fraction  (f)  of  core 
exposure  during  emplacement  is  an  important  and  previously  unrecognized 
important  parameter  in  the  relationship  between  eruption  rate  and  final  flow 
dimensions.  Applications  to  terrestrial  basalt  flows  [20]  indicate  that  f is 
typically  between  0.001  and  0.1.  Using  these  bounds  on  f,  together  with 
typical  values  for  terrestrial  basaltic  flows  for  other  parameters,  the  two- 
component  model  allows  us  to  estimate  eruption  rates  for  planetary  flows  from 

Q - 3 f e a T03  A / p Cp  (1  - S/h)  [ (T03/Tf3)  - 1 ] (2) 

where  e - emissivity,  a - Stefan- Boltzmann  constant,  T0  is  the  initial 
eruption  temperature,  p - density,  Cp  - heat  capacity,  6 - average  thermal 
boundary  layer  thickness  (»  crust) , and  Tcf  is  the  temperature  of  the 
inner  core  when  the  flow  stops  advancing  [20]. 

When  applied  to  flows  at  Alba  [4]  and  Ascraeus  Mons  [7],  the  new  method 
yields  eruption  rates  that  are  similar  to  estimates  using  the  Hulme  or  Graetz 
methods,  even  though  markedly  different  assumptions  have  been  made  about  the 
dominant  physical  processes  that  govern  flow  dimensions  [21].  Unlike  the 
previous  methods,  however,  the  new  method  allows  us  to  begin  to  assess  the 

errors  associated  with  the  estimates. 

It  is  currently  possible  to  estimate  the  eruption  rate  of  planetary  lava 
flows  with  a precision  of  about  two  orders  of  magnitude.  This  uncertainty  is 
associated  with  parameters  such  as  f and  Tf,  which  must  be  estimated  from 
statistical  studies  of  terrestrial  flows.  In  contrast  to  the  precision  of  the 
parameter  estimates,  the  accuracy  of  the  models  depends  on  the  validity  of  the 
assumptions  that  the  planetary  flows  have  compositions  and  eruption  styles 
similar  to  terrestrial  flows.  Systematic  errors  in  eruption  rates  due  to  an 
invalid  choice  of  assumptions  cannot  be  eliminated  by  modeling  or  statistical 
studies.  However,  one  of  the  main  virtues  of  a modeling  approach  is  the 
ability  to  explore  the  sensitivity  of  eruption  rate  estimates  to  the 
individual  assumptions.  We  need  more  statistical  analyses  of  terrestrial 
flows  in  combination  with  physical  modeling,  to  determine  the  empirical 
parameters  associated  with  the  models  and  to  assess  the  variability  of  the 
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parameters.  With  the  goal  of  improving  the  confidence  on  estimates  of 
eruption  rates  for  planetary  lava  flows,  it  is  hoped  that  correlations  between 
the  fraction  of  core  exposure  and  different  flow  morphologies  could  be 
established  from  terrestrial  data. 
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Figure  1.  Frequency  histogram  of  Graetz  values  calculated  using  Eq.(l)  for  30 
single-lobe  basalt  flows,  using  data  from  Wolfe  et  al.  [14], 
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ERUPTIVE  CONDITIONS  AND  VOLCANO  MORPHOLOGY 

Seth  B.  Posin  and  Ronald  Greeley,  Department  of  Geology,  Arizona  State  University, 
Tempe,  AZ  85287 

Terrestrial  effusive  volcanoes  have  been  classified  as  either  shields  with  convex  slopes 
between  1°  and  10°,  stratovolcanoes  with  steep-sided  concave  slopes,  or  domes  with  gent 
convex  slopes  near  the  vent  that  increase  toward  the  construct] perimeter.  expiainmg  t 

differences  in  morphology  has  been  the  observation  that  shield  volcanoes  tend  to  be  basaltic, 
stratovolcanoes  tend  to  be  andesitic,  and  domes  tend  to  be  dacitic  in  composition  However 
important  exceptions  include  Fuji,  Pico,  Mayon,  Izalco,  and  Fuego  which  have  stratovolcano 

morphologies  but  are  composed  of  basaltic  lavas.  Similarly  Ribkwo  is  a ^^nme^^  These 
composed  of  trachyte  (1)  and  Suswa  and  Kilombe  are  shields  composed  of  phonolite  (2).  These 
exceptions  indicate  that  eruptive  conditions,  rather  than  composition,  may  be  t e primary  ac  or 
that  determine  volcano  morphology  (3).  The  objective  of  this  study  is  to  determine : t 
relationships,  if  any,  between  eruptive  conditions  (viscosity,  erupted  volume,  and  effusion  rate) 
and  effusive  volcano  morphology.  Moreover,  it  is  the  goal  of  this  study  to  incorporate  these 
relationships  into  a model  to  predict  the  eruptive  conditions  of  extraterrestrial  (martian)  volcanoes 

based  on  their  morphology.  . ,,  , _ 

Suggestions  by  Walker  (4)  and  Malin  (5)  that  eruption  rate  and/or  volume  of  erupted  lava 

control  flow  length  raises  the  possibility  that  these  factors  may  control  volcano  mo^ology.  I 
order  to  evaluate  this  hypothesis  lava  volume  data  was  collected  for  recent  eruptions  of  28  volca 
constructs  of  varying  morphologies.  Eruptions  include  both  summit  and  flank  eruptions  and  all 
lava  volume  estimates  carry  a possible  50%  error  due  to  degassing.  Eruption  rate  data  w 
calculated  as  the  volume  of  lava  divided  by  the  eruption  duration  and  does  not  include  extended 
periods  of  quiescence.  Results  of  this  analysis  show  that  flow  length  does  not  determine  volcano 

^Thelnitial  viscosity  of  lava  at  the  vent  ("eruptive  viscosity")  and  its  role  in  determining 
volcano  morphology  was  also  assessed.  Few  measurements  of  eruptive  viscosities 
made  and  those  reported  are  usually  derived  through  a variety  of  means  ranging  from  Jeffreys 
equations  to  various  model  dependent  theoretical  calculations.  Although  these  repor  e . P 
viscosities  constitute  an  important  data  base,  the  inconsistency  in  the  method  of  data  acquisition 
necessitated  the  addition  of  a second  data  base  of  uniformly  derived  viscosities.  This  was 
accomplished  by  means  of  a computer  program  (7)  that  estimates  the  effective  viscosity  of  silicate 
melts  as  a function  of  composition,  temperature,  and  crystal  content.  The  temperatures  used  were 
eruptive  temperatures  measured  at,  or  relatively  near,  the  vent.  Due  to  a lack  of  data  regarding 
magmatic  volatiles  and  crystal  content  it  was  assumed  that  all  lavas  were  anhydrous  and 
supraliquidous.  Additionally,  for  both  the  reported  viscosities  (data  base  1)  and  the  calculated 
viscosities  (data  base  2),  only  the  lowest  eruptive  viscosity  was  selected  for  each  volcan  c 

Results  of  the  viscosity  analysis  (Fig.  1)  show  the  lowest  reported  viscosities  for  13 
terrestrial  volcanoes  and  calculated  viscosities  for  18  volcanoes  plotted  versus  the  average  slopes  ot 
the  constructs.  For  both  data  bases  there  is  a general  trend  of  increasing  viscosity  with  increasing 
slope  For  1 1 volcanoes  common  to  both  data  bases  the  calculated  viscosities  tend  to  be  lower  than 
the  reported  viscosities  by  factors  of  10  to  100.  The  offset  may  result  front  the  assumption  made 
in  data  base  2,  that  all  lavas  are  supraliquidous;  this  would  explain  why  the  offset  increases 
towards  viscous  domes  which  are  usually  comprised  of  lavas  erupted  at  lower  (subhquidous) 
temperatures.  Therefore,  although  the  two  data  bases  define  an  upper  and  tower  viscosity  bound 
for  volcanoes  of  any  given  slope,  the  reported  viscosities  (data  base  1)  probably  offer  the  b 

approximation .fo  the  results  of  Fig  i t0  extraterrestrial  volcanoes,  the  slopes  of  martian 

volcanoes  (6),  lunar  domes  (6),  and  venusian  volcanoes  (8)  were  inserted  into  the  equations Tor -the 
best  fit  lines  of  data  bases  1 and  2 (Table  1).  If  it  is  assumed  that  data  base  1 offers  the  best 
approximation,  then  martian  volcanoes  have  eruptive  viscosities  slightly  greater  than  that  ot 
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Hawaiian  basalt,  whereas  lunar  and  venusian  eruptive  viscosities  are  sliohtiv  ioCr  t u • 
analysis  are  the  assumptions  that  all  the  volcanoes f6  sllihtly  less-  Inherent  in  this 

e“^c™rbh -ve  und  erne  cons,ruct' and  ,hat 

terrestrial  volcanoes  as  well  as  to^^elooiwwfmethflrNfvf0^010^10  <*a.ta  for  botfl  martian  and 

possible  influences  on  volcano  morphS be™  °‘hcr 

dimensions,  pyroclastics,  and  the  importance  of  summit  veS  fTnk  emptions.0"  P ' "" 
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Table  1 


Volcano 


Viscosity 
(database  1) 


Viscosity 
(data  base  2) 


(Mars) 

Olympus  Mons 
Pavonis  Mons 
Ascreaus  Mons 
Arsia  Mons 
Elysium  Mons 
Hecates  Tholus 
Uranius  Tholus 
Ceraunius  Tholus 
Th arsis  Tholus 
Albor  Tholus 
Jovis  Tholus 
Biblis  Patera 
Ulysses  Patera 
Uranius  Patera 
Apollinaris  Patera 


3.5  x 103  poise 

5.8  x 103  poise 

1.0  x 104  poise 

1.5  x 103  poise 

2.9  x 103  poise 

2.0  x 103  poise 

2.2  x 104  poise 

1.8  x 104  poise 

9.3  x 103  poise 

2.3  x 103  poise 

1.5  x 103  poise 

2.9  x 103  poise 

3.9  x 103  poise 

7.4  x 102  poise 

1.4  x 103  poise 


5.9  x 102  poise 

7.9  x 102  poise 

1.1  x 103  poise 

3.6  x 102  poise 

5.2  x 102  poise 

4.3  x 102  poise 

1.9  x 103  poise 
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LUNAR  PYROCLASTIC  DEPOSITS:  THEIR  RESOURCE  POTENTIAL 

B.Ray  Hawke*.  Cassandra  R.  Coombs+,  and  Beth  Clark* 

•Planetary  Geosciences  Division.  Hawaii  Institute  of  Geophysics.  University  of  Hawaii. 

Honolulu,  HI,  96822;  tNASA/ Johnson  Space  Center.  SN  15,  Houston.  TX.  77058 

INTRODUCTION:  It  seems  likely  that  a Permanent  Lunar  Base  (PLB)  will  be  established 
early  in  the  21st  centUiy.  While  the  initial  return  to  the  Moon  may  be  for  the  purpose  of 
cons  ructing  a science  outpost  for  geological,  astronomical,  and  other  basic  research  a 
viable  permanent  settlement  must  return  major  benefits  to  the  near-Earth  space 
infrastructure.  In  recent  years,  attention  has  been  focused  on  the  production  of  oxygen 
propellant  and  helium-3.  Ilmenite-rich  lunar  material  is  generally  preferred  for  the 
production  of  these  substances.  1 To  date,  efforts  to  locate  ilmenite-rich  deposits  have 
concentrated  on  the  various  lunar  maria.  Le.  1,2  In  this  paper  we  propose  that  ilmenite-rich 

pyroclastic  deposits  would  be  ideal  locations  for  mining  operations  and  the  establishment 
of  one  or  more  PLB's. 

ILMENITE-RICH  DEPOSITS  AS  LUNAR  RESOURCES:  One  lunar  product  with  a 

po  en  a y arge  market  yet  requiring  minimal  processing  is  liquid  oxygen  for  spacecraft 
propellant,  l In  any  future  settlement  of  the  Moon,  oxygen  Is  clearly  one  of  the  most 
important  materials  to  be  supplied.1.3  It  Is  required  both  for  life  suport  systems  and 
propulsion.  The  production  of  oxygen  propellant  is  particularly  attractive  because  It 
immediately  relieves  some  of  the  burden  on  the  transportation  system  for  lunar 

!‘Uinari  0Xygen  may  PrOTe  *°  •*  “ viable  export  to  sustain  operations  In  low 
Earth  orbit  and  elswhere  in  near-Earth  space. 4 

A variety  of  methods  for  producing  oxygen  from  lunar  soil  and  rocks  have  been 
suggested  J.5  However,  reduction  of  ilmenite  has  been  extensively  studied  and  seems  to  be 
preferred  by  most  workers.  1.3.5.6  Ilmenite  is  relatively  abundant  in  many  lunar  soils  has 
been  shown  to  be  extractable  from  the  soil,  and  can  be  stripped  of  its  oxygen  by  relatively 
simple  means. 5, 7 Potentially  useful  by-products  are  produced  by  ilmenite  reduction  Iron 
almost  40%  of  the  original  mass  of  ilmenite,  remains  behind  in  a TiG2  matrix  5 

timately,  iron  (and  perhaps  titanium)  may  be  as  useful  as  oxygen  since  it  can  be  utilized 
for  space  construction. 

The  eploltatlon  of  lunar  hellum-3  as  nuclear  fusion  fuel  could  dramatically 
hnprove  our  energy  future.8.9  He-3  could  be  used  In  D-He-3  fusion  reactions  and  is  no. 
found  in  significant  quantities  on  Earth.  Preliminary  estimates  show  that  the  available 
quantities  of  He-3  on  the  lunar  surface  could  provide  the  equivalent  of  40.00  years  of  the 
U.S.  electrical  power  generation  demand  recorded  in  1985.10 

Lunar  He-3  supplies  originate  from  solar  winds  that  are  embedded  in  the  near 
surface  regions  of  fine  grained  regolith  particles.  Several  factors  were  cited  by 
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Cameronll.12  as  being  important  in  controlling  the  helium  abundance  of  the  regolith.  He 
noted  that  the  helium  content  of  a regolith  is  a funciton  of  its  composition.  In  particular, 
mare  regoliths  rich  in  titanium  are  high  in  helium  content.  Helium  is  concentrated  in  the 
<50pm  size  fraction  of  regoliths.  12  An  ilmenite-rich,  mature  regolith  would  be  the  best 
source  of  lunar  helium. 

During  the  course  of  operations  to  extract  He-3  form  the  regolith,  other  valuable 
volatiles  implanted  by  the  solar  wind  could  be  collected  with  relatively  small  mass  and 
power  penalties.  13  These  other  constituents  of  the  solar  wind  (H2,  N2.  CO2,  CH4,  etc.)  can  be 
used  to  meet  the  needs  of  such  lunar  base  subsystems  as  transportation,  life  support,  and 
agriculture.  13  Hydrogen  and  other  materials  might  be  exported  to  other  space  facilities. 

ILMENITE-RICH  PYROCLASTIC  DEPOSITS:  To  date,  efforts  at  selection  and  evaluation  of 
sites  for  mining  helium  and  oxygen  on  the  Moon  have  focused  on  high-Ti  maria.  1.12, 14 
However,  we  propose  that  ilmenite-rich  pyrocalstic  mantling  deposits  of  regioal  extent 

would  be  superior  sites  for  mining  operations. 

An  important  objective  of  the  Apollo  17  mission  was  to  sample  the  dark  mantle 
deposit  at  Taurus-Littrow;  premission  analysis  indicated  that  this  deposit  might  be  of 
pyroclastic  origin.  15  Orange  glass  droplets  and  partially  crystallized  black  spheres  from 
the  Apollo  17  landing  site  were  subsequently  identified  as  pyroclastic  componenets  in  the 
deposit.  16  The  chemical  composition  of  the  orange  and  black  spheres  are 
indistinguishable,  the  only  difference  being  that  the  black  spheres  are  largely  crystallized. 
The  black  spheres  consist  of  very  fine  intergrowths  of  ilmenite  and  olivine,  with  olivine 
commonly  occuring  as  euhedral  crystals  within  the  spheres.  The  Apollo  17  black  spheres 
are  rich  in  Ti02  (9-10%)  and  ilmenite,  and  they  are  similar,  though  not  identical,  in 

composition  to  the  Apollo  17  high-Ti  mare  basalts. 

Although  the  orange  and  black  pyroclastic  spheres  are  not  abundant  at  the  Apollo 
17  site,  there  is  a major  regional  pyroclastic  deposit  (Taurus-Littrow)  west  of  the  site.  A 
comparison  of  reflectance  spectra  obtained  for  the  Taurus-Littrow  deposit  with  laboratory 
reflectance  measurements  have  demonstrated  that  Apollo  17  black  spheres  are  the 
characteristic  ingredients  of  the  Taurus-Littrow  pyroclastic  mantling  deposit.15.17.18,19 

The  Taurus-Littrow  mantling  deposit  has  an  areal  extent  of  >4000  km2  and  a 
thickness  of  many  10  s of  meters.  The  Taurus-Littrow  deoposit  exhibits  very  weak  to 
nonexistent  echoes  on  the  depolarized  3.8-cm  radar  maps  of  Zisk  et  al.20  These  low 
depolarized  returns  are  thought  to  be  due  to  the  lack  of  scatterers  (1-50  cm)  on  the  smooth 
surface  of  the  pyroclastic  mantling  deposit.  15. 17,20  A very  low  degree  of  small-scale 
surface  roughness  and  a relatively  block-free  surface  are  indicated. 

Several  other  major  occurrences  of  regional  pyroclastic  mantling  deposits  have 
been  documented  15.21  including  those  at  the  following  locations:  Rima  Bode,  Aristarchus 
Plateau,  Sulpicius  Gallus,  Mare  Humorum,  southern  Sinus  Aestuum,  and  southern  Mare 
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Vaporum.  These  units  have  been  characterized  as  extensive  deposits  of  low  albedo  (0.79- 
0.96)  material  which  appear  to  subdue  or  manlte  underlying  terrain.  Low  returns  on  Earth- 
based  3.8-cm  radar  backscatter  maps  confirm  these  observations  of  mantled  areas 
indicating  an  absence  of  surface  scatterers  in  the  1 to  50-cm  size  range.  15. 17,20  Spectral 
studies  have  demonstrated  that  several  (e.g.  Rima  Bode)  of  these  regional  dark  mantling 
deposits  are  composed  of  high-titanium,  ilmenite-rich  black  spheres  of  pyroclastic 
origin.  15, 17 

FACTORS  FAVORING  ILMENITE-RICH  PYROCLASTIC  DEPOSITS  AS  PLB  SITES:  The 

recovery  of  significant  amounts  of  He-3  may  necessitate  surface  mining  over  areas  of 
thousands  or  even  tens  of  thousands  of  square  kilometers.  Hence,  site  selection  must  be 
directed  toward  the  indentification  of  large  individual  areas  suitable  for  mining. 
Cameron2  pointed  out  a variety  of  other  factors  that  must  be  considered  in  site  selection 
and  evaluation.  These  include:  1)  regolith  uniformity,  2)  ease  of  mining,  and  3)  absence  of 
blocks  of  rock.  Ilmenite-rich  pryoclastic  deposits  of  regional  extent  appear  to  meet  these 
requirements.  Individual  deposits  cover  many  thousands  of  square  kilometers  and 
exhibit  uniform  surface  compositions.  For  example,  the  areal  extent  of  the  Rima  Bode  unit 
is  10,000  km2  and  the  deposits  in  southern  Aestuum  cover  30,000  km2. 

The  relatively  large  thickness  (at  leastlO's  of  meters)  of  the  various  regional 
deposits  is  also  a positive  factor.  The  deposits  are  deep  enough  that  small  impact  craters 
10  s to  100's  of  meters  in  diameter  have  generally  not  penetrated  the  deposits  and  ejected 
subjacent  blocky,  low-Ti  material.  This  has  helped  keep  surface  contamination  by  low-Ti 
debris  to  a minimum.  15  The  regional  pyroclastic  deposits  are  apparently  composed  of 
loose,  unwelded  particles.  Most  small  craters  excavated  only  incoherent  debris.  Hence,  the 
surface  and  near-surface  areas  are  relatively  free  of  blocks  and  rock  fragments.  These 
extensive,  deep  deposits  of  loose  ilmenite-rich  pyroclastic  material  that  are  relatively 
rock-free  and  uncontaminated  by  vertical  mixing  would  be  ideal  for  lunar  mining. 

REFERENCES:  1)  W.Mendell  (1985)  Lunar  Bases  and  Space  Act.  in  the  21st  Cent.  2)  E.Cameron 
(1988)  Lunar  Bases  II. p.  47.  3)  M.  Gibson  and  C.  Knudson  (1985)  Lunar  Bases  and  Space  Act.  in  the 
21st  Cent , p.543.  4)  M.Simpson  (1985)  Lunar  Bases  and  Space  Act.  in  the  21st  Cent.,p.  531.  5)  R. 
Briggs  (1988)  High  Frontier  Newsletter,  v.  XIV,  n.  6 6)  A Cutler  and  P.Krag  (1985)  Lunar  Bases  and 
Space  Act.  in  the  2 1st  Cent.  p.45Q.  8)  L.  Wittenberg  et  ai.  (1986)  Fusion  Technology,  v.  10.  p.167.  9) 
Y.  Li  and  L.  Wittenberg  (1988)  Lunar  Bases  11,  p.  158.  10)  G.  Kulcinski  et  al.  (1986)  Lunar 

Development  Symposium.  11)  E.Cameron  (1987)  WCSAR-TR-AR3-8708.  12)  V.Busarev  and 
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A SEARCH  FOR  INTACT  LAVA  TUBES  ON  THE  MOON 
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INTRODUCTION 

Early  observations  identified  many  meandrous  channels,  or  sinuous  lilies,  on  the  lunar 
surfaced Since  then,  numerous  studies  have  shown  that  these  features formed  as ja ^result  of 
the  extrusion  of  hot,  fluid,  low-viscosity  basaltic  magma  (e.g.,  2, 3,4,5),  some  of  w 
may  have  evolved  into  lava  tubes  when  segments  of  the  channels  roofed  over  (e.g., 

2 5*6  7 8).  The  prospect  of  using  the  natural  cavity  formed  by  a drained  intact lunar  lava 
tube  for  housing  a manned  lunar  base  has  long  been  the  subject  of  speculation  (^g-9’10). 

In  his  discussion  of  lava  tubes  as  potential  shelters  for  lunar  habitats,  Horz  noted  that  t 
lunar  lava  tubes  would  be  ideal  for  locating  the  lunar  base  because  they:  (1)  require  little 
construction  and  enable  a habitat  to  be  placed  inside  with  a minimal  amount  of  building  or 
burrowing;  (2)  provide  natural  environmental  control;  (3)  provide  protection  from  natural 
hazards  (i.e.,  cosmic  rays,  meteorite  and  micrometeonte  impacts,  impact  crater  ejecta), 

(4)  provide  an  ideal  natural  storage  facility  for  vehicles  and  machinery. 

Depending  on  the  rate  of  flow  and  the  rheology  of  the  lava,  a lava  tube  may  form  by  one 
of  several  methods  (e.g.,  8,12):  (1)  An  open  channel  may  form  a crust  Oat  extends  from 
sides  to  meet  in  the  middle  and  eventually  thickens  and  forms  a roof.  (2)  In  more  vigorous 
flows,  the  crustal  slabs  my  break  apart  and  be  rafted  down  the  channel.  As  the  pieces  are 
transported  down  the  channel  they  may  refit  themselves  together  to  form  a cohesive  roofl  3) 
Periods  of  spattering,  sloshing,  and  overflow  may  form  levees  which  mayeventualybuid 
upward  and  inward  and  merge  into  a roof.  (4)  Continued  lava  flowage  under  a chilled  crust 
may  form  a tube  (see  13).  Under  the  conditions  of  lunar  basaltic  eruptions  (lower  gravity 
field,  no  atmosphere),  such  processes  would  have  produced  lunar  lava  channels  and 
associated  tubes  at  least  an  order  of  magnitude  greater  in  size  than  those  found  on  Earth  (e  g 
4).  Such  lunar  lava  tubes  could  be  tens  to  hundreds  of  meters  wide  and  eep  an 
kilometers  long.  These  dimensions  make  lunar  lava  tubes  ideal  sites  in  which  to  hous 

lunar  base  habitat.  , .,  , 

Terrestrial  evidence  indicates  that  a tube  may  or  may  not  become  plugged  with  lava 
depending  on  the  viscosity,  temperature,  supply  rate  and  velocity  of  the  lava  flowing  through 
it  ^ther  evidence,  derived  from  the  study  of  lunar  volcanic  features,  suggests  that  not  a 
lunar  tubes  are  plugged  with  congealed  lava  and  that  void  lava  tubes  do  exist  on  the  Moon. 

This  study  proposed  a set  of  criteria  for  the  identificaton  of  intact  lunar  lava  tubes.  A 
study  of  all  known  sinuous  rilles  and  channels  as  well  as  other  selected  volcanic  features  was 
conducted  in  an  effort  to  locate  lava  tube-segments  on  the  lunar  surface.  In  addition, we  have 
attempted  to  assess  the  potential  of  these  tubes  as  candidates  for  lunar  base  sites. 
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METHOD 

, f survey  of  all  available  lunar  Orbiter  and  Apollo  photographs  was  conducted  in  order  to 
locate  possible  intact  lava  tubes.  Criteria  used  to  identify  tube  candidates  were:  (1)  presence 

T ed’  »imT  " preferably  a series  of  “gmems  along  a sinuous 
nlle,  (2)  the  presence  of  uncollapsed  segments  between  two  or  more  elongate  depressions 

whtch  he  along  the  Bend  of  the  rille,  and  (3)  the  presence  of  an  uncollapsed  section  between 
an  irregular-shaped  depression,  or  source  vent,  and  the  rest  of  the  channel. 


RESULTS  AND  DISCUSSION 

More  than  ninety  lava  tube  candidates  were  identified  along  twenty  lunar  rilles  on  the 
lunar  neamde,  sixty-seven  of  which  were  measured.  These  are  located  in  four  mare  regions- 
Oceanus  Procellarum,  Northern  Imbrium,  Mare  Serenitatis,  and  Mare  Tranquilitatis.  Each  of 
these  tubes  has  met  our  tube  identification  criteria  and  are  considered  candidates. 

Northe™ ^Procellarum:  Eleven  rilles  where  probable  intact  lava  tubes  exist  are  found  in 
die  Oceanus  Procellarum  region;  of  these  two  may  be  considered  prime  localities  at  which  to 

Crlhn  !ntac;la7tu^  or  series  of  tubes.  The  largest  of  these  two  is  located  just  south  of 
Crunhmsen  K.  It  is  60  kilometers  long  and  is  broken  into  more  than  15  segments,  each  of 
w ich  may  be  a potential  intact  tube.  The  second  candidate  in  this  region  is  located  in  the 
Manus  Hills  area  of  Oceanus  Procellarum.  This  rille  is  a combination  of  two  rilles  that  meet 
a right  angles  at  an  irregularly-shaped  depression  that  may  have  served  as  a common  source 

™lOUlhZm  PfJ°CelIarum:  °ne  g°od  tube  candidate  was  found  in  a complex  of  rilles  just 
“r  um0rum-  ThiS  tUbe  se*mem  is  1650  long  and  measures  up  to  440 

Northern  Imbrium:  Three  tube  segments  were  found  along  one  sinuous  rille  in  the 
?680  m«e0rtl°l  ““  Ttae  three  “**  segments  range  in  length  from  840  m 

1680  meters  in  length  and  in  width  from  210  to  290  meters. 

Five  rilles  With  Probable  'a™  tubes  were  identified  in  the 

h ““  ta^rcgl°n'  T™  °f  ,heSC  flve  ri,Ics  exbibit  strong  evidence  for  having 
intact  tube  segments.  These  vary  between  320  and  880  meters  long  and  460  to  510  meter? 

Many  potential  resources  may  be  located  in  the  vicinity  of  lava  tubes.  For  example  lunar 
pyroclastic  depos.ts  are  known  to  be  associated  with  some  source  vents  for  the  luna?  stauo™ 
nlles  and  lava  tubes.  The  black  spheres  which  dominate  some  regional  pyroclastic  deposits 
are  known  to  be  rich  in  Umemre.Kt5.tM7  nc$e  ilmenite.nch 

source  of  titanium,  iron,  and  oxygen.  Also,  pyroclasdcs  and  regolith  found  in  the  vicinity  of 
some  of  our  'tube-candidates'  may  be  a good  source  for  sulfur  as  well  as  otheT?o  a.Ue 

ctrS.’8  ^ “Sed  " 3 Pr0Pellan'’  “ “ ferti,iZer-  28  We"  ^ “a? 

CONCLUSIONS 

We  conclude  that  lava  tubes  were  formed  on  the  Moon  and  that  the  probability  of  finding 
an  intact,  open  tube  segment  would  be  suitable  for  housing  a manned  lunar  base  is  quitf 
high.  Of  the  sixty-seven  tube  segments  measured,  nine  tube  segments  associated  with  three 
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separate  titles  were  given  the  highest  ranking.  More  analysis  of  the  tubes  identified  in  this 
study  is  needed  before  an  adequate  selection  can  be  made  of  a specific  lunar  lava  tube  to 
house  a manned  lunar  base.  The  construction  of  detailed  geologic  and  topographic  maps 
would  greatly  aid  this  effort.  Also,  further  data  are  needed  to  confirm  the  presence  of  open 
channels/tubes.  These  data  might  include  radar,  gravity,  active  and/or  passive  seismic 
experiments,  rover  and  "lunamaut  reconnaissance  and  drilling. 
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along  its  trend  but  eight  skylights  were  found  in  the  field,  six  of  which 
allowed  entrance  into  the  lava  tube. 

A second  previously  unknown,  source  vent  was  identified  during  this 
field  study.  This  second  vent  is  located  near  the  base  of  the  pali  bounding 
the  S side  of  the  peninsula,  1.4  km  southwest  of  Kauhako  Crater.  That  t is 
cone  is  associated  with  the  Kauhako  eruption  has  not  been  firmly 
established.  However,  the  two  vents  are  aligned  along  the  same  trend  as  the 
Koko  fissure  and  other  alignments  associated  with  the  rejuventation-stage 

volcanism  on  Oahu.  4 

Besides  lunar  sinuous  rilles  (e.g..  Rima  Mozart),  an  analogy  may  also  be 
drawn  between  the  Kauhako  Crater/Channel/Tube  system  and  other  lava 
channel  systems  on  the  Big  Island  of  Hawaii.  These  analogous  systems 
include:  the  currently  active  Kupaianaha  vent  on  Kilauea,  the  Mauna  U 
crater  tubes  and  channels:  Thurston  lava  tube:  Makapu  u lava  tube,  and  the 
Whittington  lava  tube.  Both  the  Whittington  and  Makapu  u lava  tubes  show 
evidence  of  thermal  erosive  activity  in  their  formational  histories.  At  ea 
four  stages  of  infilling  and  cross-cutting  are  evident  in  the  Makapu  u tube, 
suggesting  that  thermal  erosion  was  at  least  partly  responsible  for  its 
formation.  Evidence  for  thermal  erosion  in  terrestrial  lava  tubes  is  difficult 
to  establish;  however,  the  Whittington  lava  tube  provides  excellent ^ewdencc 
tht  thermal  erosion  played  an  important  role  in  its  formation.  Sev^m  tte 
molds  were  identified  at  the  base  of  two  older,  successive  lava  flows  adjacent 
to  the  tube,  which  are  separated  by  a thin,  weathered  paleosol.  The 
presence  of  these  features  indicates  that  some  time  interval  occurred 
between  the  eruption  and  deposition  of  the  two  flows  to  allow  the  trees  to 
grow  and  the  soil  layer  to  accumulate.  The  lava  tube  cuts  through  both  of 
these  lava  flows.  While  it  may  be  argued  that  the  lava  followed  a pre-existing 
fault  plane  or  stream  channel,  no  evidence  was  found  in  the  field  for  the 
pre-existence  of  either  feature. 

Several  models  have  been  developed  for  the  formation  of  lunar  sinuous 
rilles  in  conjunction  with  thermal  erosion. 5-6-7-8’9  In  this  study  we  adapted 
Hulme’s5  model  for  themal  erosion  of  a lunar  sinuous  nlle  for  use  under 
terrestrial  conditions  to  model  the  thermal  erosion  rate  for  the  Kauhako 
system.  Briefly,  the  Kauhako  eruption  was  monogenetic  lasted  for  a period 
of  iust  over  33  days  and  erupted  a maximum  volume  of  2.2 km  at  a rate  of 
7.8  rm^s'1.  Thermal  erosion  aided  in  the  downcutting  of  this  channel  at  a 

rate  of  10.5  urns* 1 . 

The  morphology  and  eruptive  history  of  this  volcano  make  it  a good 
analog  to  lunar  sinuous  rilles  (i.e.:  Rima  Mozart).  Morphologically,  the  Rima 
Mozart  and  Kauhako  lava  channels  are  very  similar.  Their  channel  floors  are 
hummocky,  their  paths  are  sinuous  and  they  begin  at  deep  source  craters. 
Volcanologically,  the  two  are  similar  also.  Both  were  carved  out  of  basaltic 
material,  were  associated  with  a pyroclastic  eruptive  phase  and  exhibit 
evidence  that  some  degree  of  thermal  erosion  was  involved  in  their 

formation. 
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Figure  1:  Comparative  cross-sections  of  Rima  Mozart  and  Kauhako 

Crater/Channel  showing  the  morphologic  similarity  between  the  two 
volcanic  complexes  (after  Coombs,  1988). 10 
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Picacho  Butte  is  a volcanic  construct  located  in  north  central  Arizona,  in 
transition  zone  between  the  Colorado  Plateau  and  Basin  and  Range 

physiographic ^rcwinoss^lt  is  . silicic  dome  located  on  the  southern  portion  of 

the Mount  Floyd  volcanic  field.  An  apparent  alignment  of  silicic  vents  in  the 
Mount  Floyd  field  is  presumably  due  to  structural  control.  Picacho  Butte,  at  9.8 
±0.7  Ma  (Goff  and  others,  1983),  is  the  oldest  sdic.c  dome * 1 R^te  to  bt  an 
migrating  silicic  sequence.  Detailed  mapping  revealed  Picacho  Butt* 5®  ft"s 
extensively  eroded  dome  composed  of  hornblende  rhyodacite.  The  rhyodaJlte®  . 
aret  i^ach  vti  c containing  variable  amounts  of  plagioclase,  hornblende  and  biot.te 
phenocrysts  in  a cryptocrystalline  to  glassy  groundmass  with  piagioclase  an 

opaques. 

The  dome  is  characterized  by  flow  banding  and  flow  folding.  Attitudes  of 
flow  banding  generally  document  flow  outward  from  the  center  on  all  sides. 

Peri  ph^ral  ^rumbfe  breed  as  are  found  along  the  slopes,  presumably  termed 
durinq  dome  growth  and  expansion.  With  cooling,  dome  contraction  resulted  in 
formatTon  of  large  scale  vertical  joints  along  the  western  sice  of  tredom.. 
Macsiv°  gray  hornblende  rhyodacite  can  be  found  on  the  upper  reS-ns^ofthe 
dome,  irosion  has  deeply  incised  the  mountain  exposing  a verucal  cike  wmJex 

at  the  core. 

Volcanic  rocks  of  the  field  are  dominated  by  basalts  ^^iLnt'T-ctiv^ 
Dhercc-yst  proportions.  Individual  vents  were  short  lived  and  appa.  -nt.y  -C.  - 

SI-  ^ r 

a thick  nonvesicular  zone.  The  top  portion  of  the  flows  generally  vesicular,  b 
in  varying  degrees. 

Picacho  Butte  is  surrounded  by  basaltic  cinder  cones  which  exhibit  a high 

%3SI? 

a basal  basaltic  tuff  altered  to  a yellow  to  buff  colored  paiagonitic  tuff. 
Palaaonitization  may  be  a result  of  ordinary  weathering  processes,  occurring 
after  cone  irosion  ^Macdonald,  1972,  Haer  and  Illins,  1968).  Most  palagon.tization 
occurs  during  low  temperature  weathering  and  diagenesis  Hay  and 
The  eruptive  sequence  is  analogous  to  Strombolian  type  vo!  can  ism.  Strom  boll  an 
eruptions  produce  cones  only  a few  feet  in  height  to  hundreds  or  thousands  of 
feet  in  height  (Macdonald,  1972).  The  basaltic  cinder  cones  in  the  Picacho  Butte 
area  are  small,  less  than  1 km  in  radius. 

Often,  the  initial  activity  cf  the  Picacho  Butte  basaltic : vents  ot 

Interaction  with  ground  water  may  have  been  a major  fa^-or  in  eruptive  sty 
the  basaltic  volcanism,  in  the  vicinity  of  Picacho  Butte,  early  in  the  evolution  o, 
the  vent.  However,  with  the  presence  of  some  highly  vesicular  flows  in  the 
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study  area,  pyroclastic  activity  may  have  been  a result  of  both  volatile  content 
of  the  magma  and  interaction  with  ground  water. 

The  mafic  rocks  are  olivine  basalts  with  some  quartz-bearing  basaltic 
andesites.  Chemically  they  are  alkaline  to  subalkaline,  with  silica  values  ranging 
from  45.5-51.4%  Si02  (normalized).  The  rocks  are  transitional  in  character 
between  the  alkali  and  subalkali  fields.  Their  C.I.P.W.  normative  mineralogy 
supports  this  point,  as  the  basalts  range  from  hypersthene  normative  to  mildly 
nepheline  normative  compositions.  Quartz-bearing  basaltic  andesite  (58.3-59.3% 
Si02)  underlies  the  basalts  south  of  Picacho  Butte.  It  contains  phenocrysts  of 
clinopyroxene,  olivine,  and  embayed  and  sieved  plagioclase  in  a hypocrystalline 
groundmass  of  the  same  minerals  plus  opaque  oxide.  The  olivine  basalts  contain 
variable  amounts  of  xenccrysts,  some  quartz  grains  which  are  fractured, 
embayed,  and  lined  with  clinopyroxene  crystals. 

The  characteristic  landforms  produced  by  Strombolian  style  eruptions  are 
cinder  cones  and  surrounding  lavas  of  moderate  volume  (Williams  and  McBirney, 
1979).  Intermittent  explosive  activity  is  caused  by  the  disruption  of  magma  due 
to  bubble  coalescence.  In  Strombolian  eruptions  ejecta  are  typically  liquid  on 
eruption  but  solid  by  the  time  they  strike  the  ground  (Macdonald,  1972). 

Disruption  of  magma  into  pyroclasts  is  more  likely  to  occur  on  Mars  than 
on  Earth  due  to  the  low  atmospheric  pressure  on  Mars  (Wilson  and  Heaa,1983). 
assuming  chemical  environments  are  similar,  and  given  sufficient  magma  volatile 
content,  pyroclastic  eruDtions  cf  basaltic  compositions  should  be  more  ccmmon  on 
Mars  than  on  Earth  (Wilson  and  Head,  1983). 

Volcanic  morphology  on  Mars  implies  formation  by  fluid  lavas,  inferred  as 
basaltic  in  composition.  Although  large  scaie  explosive  volcanism  is  a subject  of 
controversy,  lesser  volcanic  structures  may  have  been  the  result  of  explosive 
activity,  possibly  like  the  Strombolian  activity  in  the  Picacho  Butte  area. 

Explosive  pyroclastic  volcanism  was  first  proposed  for  Mars  from  the 
analysis  of  low  resolution  Mariner  9 images  (West,  1974).  Conical  structures 
resembling  terrestrial  cinder  cones  have  been  identified  on  Mars  (Carr  and 
others,  1977).  With  the  application  of  qualitative  morphologic  criteria  such  as 
relief,  presence  of  a summit  crater,  circularity,  and  alignment  along  structural 
trends  workers  propose  a volcanic  origin  for  many  of  these  structures. 

Small  conical  summit  crater  cones  are  found  in  many  regions  of  Mars 
including  the  Northern  Plains  from  Arcadia  through  Utopia.  In  the  Northern 
Plains  Province  numerous  small  cones  with  basal  diameters  up  to  5 km  are 
believed  to  be  volcanic  in  origin  (Scott, 1979;  Wood, 1979).  In  the  Cydonia  region 
numerous  kilometer  to  subkilometer  small  moundlike  structures  with  summit  pits 
were  identified  as  possible  cinder  cones  by  Frey  and  Jarcsewich  (1982). 

Hundreds  of  subkilometer  cratered  volcanoes  in  Isidis,  Utopia  Planitia,  and 
Elysium  were  proposed  to  be  analogs  of  terrestrial  cinder  cones  (Plescia.1980' 
Frey  and  Jarosewich,  1982). 

Frey  and  Jarosewich  (1982)  propose  that  a possible  analog  for  the  small 
cones  are  Icelandic  pseudocraters,  based  on  studies  of  crater/cone  ratios, 
morphology,  and  distribution  of  the  small  cones.  Icelandic  pseudocraters  form 
where  lava  flows  over  water  or  water  saturated  ground  causing  steam  explosions 
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(Thorarinsson,1953).  If  the  small  Martian  cones  are  like  Icelandic  pseudocraters, 
they  probably  form  as  the  result  of  the  contact  of  lava  with  ice  rather  than 
water.  The  cones  on  Mars  are  however,  2-3  times  the  size  of  their  terrestrial 
counterparts  (Frey,  1982). 

Terrestrial  volcanoes  exhibit  a diverse  range  of  morphologies  due  to  a 
wide  variety  of  styles  of  volcanic  activity.  The  Picacho  Butte  vicinity 
Strombolian-like  explosive  eruptive  activity  is  believed  to  have  lead  to  the 
formation  of  cinder  cones.  Identification  of  similar  morphologic  features  on  Mars 
implies  explosive  style  eruptions  on  that  planet  have  occurred  in  the  past. 
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VOLCANISM  AND  TECTONISM  OF  THE  COLORADO  PLATEAU-BASIN  AND  RANGE 
TRANSITION  ZONE  OF  WEST-CENTRAL  ARIZONA:  IMPLICATIONS  FOR  THE  MARTIAN 
THARSIS  UPLIFT 


Ardyth  M.  Simmons  and  John  S.  King,  Department  of  Geology,  State  University  of 
New  York  at  Buffalo,  4240  Ridge  Lea,  Amherst,  NY'  14226 

One  hypothesis  for  explaining  differing  styles  of  volcanism  and  compositions 
of  eruptive  products  within  a region  is  variation  in  crustal  thickness.  Another 
explanation  is  differing  stress  regimes.  These  hypotheses  can  be  examined  in  the 
Mohon  Mountains  volcanic  field  of  west-central  Arizona,  located  in  the  Colorado 
Plateau-Basin  and  Range  Transition  Zone.  A possible  area  for  testing  the 
applicability  of  such  ideas  on  Mars  is  the  Tharsis  uplift. 

The  Mohon  Mountains  volcanic  field  was  active  from  20-6  m.y.  ago  with  a 
hiatus  from  about  15-12  m.y.  ago.  The  early,  pre-15  Ma  volcanics  differ  from  the 
post-12  Ma  volcanics  not  only  in  age,  but  also  in  chemistry,  petrogenesis,  eruptive 
style,  and  tectonic  setting.  Volcanism  began  with  eruption  of  the  Mohon  alkaline 
stratovolcano  beginning  20.1  + 0.9  m.y.  ago  and  continued  after  deposition  of  the 
18.3  Ma  Peach  Springs  Tuff  and  flow  of  the  Trout  Creek  olivine  tholeiite.  Most  of 
the  trachyandesites  and  dacites  that  make  up  the  Mohon  volcanic  complex  erupted 
from  a central  vent  area,  but  dacitic  domes  peripheral  to  the  volcano  formed  late 
in  the  field’s  history,  along  with  minor  intrusions  of  shonkinite  and  NW-trending 
alkalic  basalt  dikes.  Following  a hiatus  of  about  3 m.y.,  basalts  and  rhyodacites 
erupted  south  and  east  of  the  Mohon  volcano  in  the  Mount  Hope  area.  These  range 
in  age  from  12  to  6 Ma  (1,2).  The  older  volcanics  erupted  from  a few  central  vents 
and  were  highly  explosive,  producing  large  volumes  of  airfall  tuffs  and  breccias. 
The  younger  volcanics  came  from  numerous  widely  scattered  vents  and  were  much 
more  effusive. 

«7  36  In  chemistr.y»  the  older  lavas  are  enriched  in  K,  Sr,  Ba,  P,  and  LREE.  Initial 

Sr/  Sr  compositions  exceed  .7050  for  the  pre-15  Ma  lavas  and  are  less  than  .7050 
for  the  post-12  Ma  lavas,  consistent  with  the  temporal  isotopic  compositional  pattern 
for  Arizona  rocks  (3).  The  chondrite-normalized  spider  diagram,  Ta-Th-Hf  plot  (4), 
and  diagram  of  Ce/Y  vs.  Zr/Nb  (5)  for  the  pre-15  Ma  lavas  all  demonstrate  the 
signature  of  a lithospheric  mantle  source  which  may  have  been  hydrated  or 
metasomatized  during  earlier  Cenozoic  subduction  and  may  have  experienced  crustal 
interaction.  The  older  lavas  can  be  related  by  open  system  fractionation  and 
crustal  interaction  following  partial  melting  of  an  enriched  mantle  source.  Post- 
12  Ma  basalts  of  the  Mount  Hope  area  were  derived  by  polybaric  fractionation  or 
by  varying  degrees  of  partial  melting  of  an  asthenospheric  source  similar  to  the 
source  for  ocean  island  basalts  (4,5). 

The  degree  of  crustal  interaction  with  ascending  magmas  could  relate  to 
crustal  thickness  below  the  area  of  eruption  and/or  could  relate  to  stress  regimes 
at  the  time  of  eruption.  The  older  lavas  erupted  through  a thicker,  more  cohesive 
ctust  having  a more  ductile  stress  regime.  They  are  contemporaneous  with 
pi  edominantly  andesitic-rhyolitic  volcanism  elsewhere  in  the  Transition  Zone  that 
erupted  during  an  extensional  period  of  detachment  faulting,  low-angle  ductile 
shear  zones,  and  regional  tilting.  The  transition  from  ductile  to  brittle  extension 
was  complete  by  about  10  m.y.  ago  (6).  The  later  volcanic  Deriod  was  characterized 
by  thinner  crust,  high-angle  normal  faulting,  and  fundamentally  basaltic  volcanism. 
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The  Tharsis  province  of  Mars  has  frequently  been  compared  to  the  Basin  and 
Range-Colorado  Plateau  region  of  the  western  U.S.  because  both  are  uplifted  and 
have  experienced  widespread  volcanism.  The  Tharsis  bulge  formed  early  in  martian 
history,  possibly  before  the  decline  in  impact  cratering  rates  4 b.v.  ago  ( i ).  Most 
Tharsis  volcanoes  occur  near  its  summit  and  toward  its  steeper,  northwestern 
edge.  The  asymmetry  of  volcanic  alignment  occurs  possibly  because  the  Tharsis 
bulge  straddles  the  plains-uplands  boundary  (7).  Its  three  main  shield  volcanoes, 
Arsia  Mons,  Pavonis  Mons,  and  Ascraeus  Mons,  are  spaced  700  km  apart  on  what 
appears  to  be  a NE-SW  trending  fracture  zone  just  northwest  of  the  summit. 
Olympus  Mons  differs  from  the  other  Tharsis  shields  in  being  younger,  larger,  and 
higher,  being  located  at  the  edge  of  the  Tharsis  bulge,  being  bordered  by  an 
outward-facing  scarp,  and  having  an  enigmatic  aureole  that  has  been  postulate 
as  an  ash  flow  tuff  deposit. 

Martian  crustal  dvnamics  are  different  from  those  on  Earth.  The  martian 
lithosphere  appears  not  to  have  been  recycled  through  the  underlying 
asthenosphere.  The  Tharsis  region  is  underlain  by  a thinner  lithosphere  (normallv 
300  km  thick)  and  a 0.2  gm/cc  less  dense  mantle  than  elsewhere  on  Mars  (8).  The 
height  and  spacing  of  Tharsis  volcanoes  increase  with  decreasing  inferred  age  (0). 
This  may  be  the  result  of  a lithosphere  that  thickens  with  time,  as  has  been 
suggested  for  ocean  islands  (10). 

It  remains  unclear  whether  the  Tharsis  topography  and  gravity  anomalies  are 
supported  isostatically  by  density  variations  within  the  lithosphere,  by  strength 
of  the  lithosphere,  or  by  dynamic  processes  in  the  deeper  viscous  interior.  An 
isostatic  model  (11)  and  a model  in  which  Tharsis  is  supported  by  the  finite  elastic 
strength  of  the  lithosphere  have  been  tested  (8).  Both  models  indicate  that  the 
tectonic  features  associated  with  Tharsis  are  related  to  incumbent  loading  of  the 
lithosphere  and  are  not  the  result  of  structural  doming.  Significant  internal 
loading  by  mantle  thinning  or  intrusives  would  not  be  ruled  out,  however.  Tharsis 
tonography  would  tend  to  sustain  access  of  magma  through  the  lithosphere  because 
of  the  tensile  stresses  associated  with  its  relief  (8). 

Nearly  all  structures  recognized  around  Tharsis  are  extensional,  including 
numerous  radial  fossae  graben  and  the  Valles  Marinaris  canyon.  This  is  also  true 
of  active  seismicity  on  the  Colorado  Plateau.  The  existence  of  seismically  active 
normal  faults  is  evidence  that  the  Colorado  Plateau  interior  is  undergoing  NE-b  Vv 
tectonic  extension  (12). 

The  Colorado  Plateau-Basin  and  Range  region  has  a thinned  crust, 
anomalously  low  mantle  P-wave  velocities,  high  heat  flow  and  a conductive  upper 
mantle  (13).  These  suggest  that  the  crust  and  upper  mantle  beneath  this  region 
is  hot.  Expansion  caused  by  heating  may  support  the  elevation  of  the  region. 
Whether  the  Tharsis  bulge  is  being  actively  supported  by  convection  or  passively 
supported  by  a thick,  rigid  lithosphere  is  unknown,  but  volcanic  activity  in  the 
Tharsis  region  suggests  that  the  lithosphere  may  be  too  thin  to  support  the  bu.ge 
without  active  help  (7).  Crustal  thickness  decreases  from  45  km  at  the  center  of 
the  Colorado  Plateau  to  35-37  km  in  the  Transition  Zone  and  30  km  under  the  Basin 
and  Range  (14).  In  contrast  the  Tharsis  province  appears  to  have  a thicker  crust 
at  its  ed=ge  under  Olympus  Mons  (100  km)  than  at  its  summit  (50  km). 

The  simple  shear  model  is  one  explanation  for  differing  styles  of  Middle 
Tertiary  and  later  volcanism  in  Arizona  (15).  According  to  this  model,  tne  lower 
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crust  of  the  Transition  Zone  would  have  been  as  thick  as  that  of  the  Colorado 
ateau  early  in  its  development  in  Middle  Tertiary  time.  During  detachment 
faulting,  approximately  10  km  of  lower  crust  beneath  the  Transition  Zone  would 
aye  been  removed  to  the  west.  During  removal  it  would  have  been  available  for 
mixing  with  mantle  or  crustal  melts.  Following  thinning  and  removal  of  part  of  the 
lower  crust  and  attendant  greater  extension,  mantle  derived  melts  rose  mor^ 
quickly  to  the  surface  or  ponded  in  the  upper  crust  where  they  produced 
t hyodacitic  melts.  Rocks  of  intermediate  composition  from  the  later  period  are 
sent  either  because  the  low-melt  portion  of  the  lower  crust  was  unavailable  for 
mixing  with  mantle  melts  or  because  the  thinner  and  highly  distended  crust 
pi  e\  ented  large  magma  reservoirs  that  may  be  necessary  for  fractionation  from 
forming.  The  older  lavas  evolved  in  a single  magma  chamber  over  a period  o" 
several  million  >ears.  Magmatism  was  shorter-lived  at  a particular  location  in  the 

rrH«tSth  raS'  -JhJS  lS  because  brittle  deformation  produced  a more  fragmented 
ciust  that  provided  many  avenues  for  rapid  ascent  of  magma  but  only  allowed  for 
de\  elopment  of  small,  short-lived  magma  chambers. 

°n  Mars,  thicker,  more  cohesive  crust  at  the  edge  of  the  Tharsis  bui^-  as 
compared  to  thinner  crust  of  the  interior,  may  permit  greater  differentiatfon  of 

The.thlckefr  crust  ?llow»  for  development  of  larger  magma  chambers,  longer 
crustal  residence  time,  and  greater  depths  of  generation.  The  Tharsis  Montes  ma- 
be  smaller  because  they  erupted  through  thinner,  more  highly  distended  crust  at 
the  central  portion  of  the  uplift.  Whereas  the  simple  shear  model  (15,  would  not 
pply  to  Tharsis,  the  model  of  different  stress  regimes  could  be  applied.  Greater 
tensional  stress  in  the  summit  area  would  create  a highly  fragmented  crust  with 
many  avenues  of  ascent  along  fracture  zones  and  numerous  possible  vents 
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THE  CHANGBAISHAN  VOLCANOES  OF  EASTERN  CHINA. 

Feng  Maoseng,  Li  Jiazhen,  and  J.L.  Whitf ord-Stark . China  University  of 
Geosciences,  Beijing,  P.R.  of  China  and  Geology  Department,  Sul  Ross  State 
University,  Alpine  TX,  79832. 

The  Changbaishan  volcanoes  include  two  large  volcanic  domes,  numerous 
parasitic  cones,  and  vast  surrounding  lava  fields  covering  an  area  of  about 
9,500  square  kilometers  in  the  Jilin  Province  of  eastern  China  and  roughly 
5,000  square  kilometers  in  adjacent  Korea.  The  northern  part  of  the 
Changbaishan  range  consists  of  the  Baitoushan  (P ' aektu-san)  volcanic  dome 
enclosing  a large  crater  lake  called  Tianchi  with  a depth  of  312.7  meters. 
The  geology  of  the  area  has  been  mapped  up  to  a scale  of  1:200,000  but  the 
vast  volcanic  area  has  not  yet  been  studied  because  of  poor  accessibility 
and  forest  cover.  Early  work  on  the  volcano  has  been  summarized  by 
Whitford-Stark  (1987).  The  height  of  Baitoushan  is  given  as  both  2741  and 
2749  meters  in  Chen  Shupeng  (1984)  - 2749  meters  appears  to  be  the  more 
accurate.  The  dome  to  the  southwest  of  Baitoushan  is  called  Wangtianef eng 
and  extends  from  1400  to  2300  meters  above  sea-level. 

Landsat  images  show  that  the  two  domes  are  surrounded  by  relatively 
smooth  lava  fields,  numerous  parasitic  cones,  and  regional  linear 
structures.  Cones  include  the  Maanshan-Longtoushan  group  to  the  northwest 
of  Baitoushan  and  the  Dongxiaoshan  group  to  the  southeast.  A major  linear 
structure  trends  WNW-ESE  between  Baitoushan  and  the  more  eroded 
Wangtianef eng . Airphotos  reveal  that  the  lineament  marks  the  contact 
between  lava  flows  from  the  two  eruption  centers.  East  to  west  trending 
faults  disrupted  and  complicated  the  volcanic  structures  to  the  southeast 
of  the  Baitoushan  dome.  A second  fault  system  trending  north-south,  roughly 
parallel  to  a section  of  the  China-Korea  border,  separates  areas  with 
clearly  contrasted  volcanic  features. 

Arai  and  others  (1986)  have  mapped  an  ash  in  the  northern  part  of  the 
Sea  of  Japan  which  they  believe  to  be  derived  from  Baitoushan.  This  ash  was 
found  to  be  up  to  16  cm  thick,  being  fine  grained  and  vitric,  with  alkali 
feldspar,  hornblende  and  clinopyroxene  crystals.  The  eruption  which 
produced  the  ash  has  been  dated  as  about  the  eleventh  or  twelfth  centuries 
on  the  basis  of  its  association  with  archeological  remains.  The  bulk  volume 
of  the  ash  is  estimated  at  40  to  50  cubic  kilometers  (Machida  and  Arai, 
1983).  Liu  Jiaqi  (1986)  has  identified  six  periods  of  volcanism  in  the 
Changbaishan  area.  1)  Basalts  of  the  Naitoushan  period  with  K-Ar  ages  of 
13-16  Ma.  2)  Basalts  of  the  Laoyeling  period  with  K-Ar  ages  of  7-11  Ma.  3) 
Basalts  of  the  Junjianshan  period  with  K-Ar  ages  of  2.0  to  4.2  Ma.  4)  The 
Longgang  colcano  group  with  K-Ar  ages  of  0.8  to  1.5  Ma.  5)  The  Baitoushan 
volcanic  rocks  with  K-Ar  ages  of  0.06  to  0.58  Ma.  6)  A trachy  pumice  at  the 
summit  of  Baitoushan  with  a Carbon  fourteen  age  of  1050  B.P.  The  pumice  is 
widely  scattered  around  the  volcano,  extending  up  to  60  to  70  kilometers  to 
the  north  and  east.  During  caldera  formation,  a small  amount  of 
pantel 1 eritic  ignimbrite  and  trachytic  agglutinate  were  erupted  and 
preserved  in  downfaulted  or  depressed  parts  of  the  caldera,  mostly  on  the 
northwest  side.  Historic  documents  provide  short  accounts  of  "ash  rain 
eruptions  in  the  years  of  1579,  1668,  and  1702.  These  events  possibly 
produced  the  scoria  and  lapilli  beds  on  top  of  the  northern  slope  of  the 
caldera. 

Recent  isotopic  analyses  (Basu  and  others,  1986)  indicate  that 
although  the  Baitoushan  rocks  are  subduction-related,  they  have 
similarities  with  a few  oceanic  areas  and  require  three  distinct  sources 
for  their  petrogenesis : a depleted  and  a primitive  mantle  component,  and  a 
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lower  crustal  reservoir.  Rare  Earth  element  patterns  are  similar  to  those 
of  continental  alkali  basalts  (Mei  Houjun,  1986)  and  Sr  and  Pb  data 
indicate  that  the  younger  trachytes  and  older  basalts  were  not  derived  from 
the  same  magma  source  (Liu  Beiling,  1986).  Ultramafic  inclusions  are  found 
m Doth  the  Baitoushan  and  nearby  Longgang  areas. 

The  Longgang  volcano  group  includes  164  cinder  cones  and  craters 
closely  distributed  over  an  area  of  1,500  square  kilometers.  The  older 
basalts  are  correlated  with  those  in  the  Changbaishan  area.  Recent 
eruptions  produced  cinder  cones,  aa  and  pahoehoe  lava  flows,  and  small 
crater  lakes. 
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Figure  i.  Distribution  of  cinder  cones  in  the  Changbaishan.  Baitoushan 
(P  aektu-san)  and  Wangtianef eng  are  outlined.  Streams  and  Tianchi  crater 
iake  are  also  marked.  Compiled  from  Landsat  imagery  and  Shuttle  hand-held 
orbital  photography. 
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LABORATORY  SIMULATIONS  OF  LAVA  FLOWS  WITH  SOLID  CRUSTS. 

Jonathan  Fink1,2  and  Ross  Griffiths2; 1 Geology  Dept.,  Arizona  State  Univ.,  Tempe,  AZ  85287, 

2 Research  School  of  Earth  Sciences,  Australian  National  University,  Canberra  2601,  Australia 

Planetary  volcanology  relies  on  the  interpretation  of  flow  morphology  to  constrain  the  com- 
positions of  remotely  observed  lavas.  One  of  the  tools  available  to  assist  in  this  task  is  laboratory 
simulation  of  flow  processes.  Properly  scaled  experiments  can  be  used  to  replicate  the  overall 
geometry  and  structural  details  of  features  observed  on  natural  flows.  The  appearance  of  a lava  flow 
is  controlled  in  large  part  by  the  presence  of  a cooled  skin  or  crust  at  its  surface,  whereas  overall 
dimensions  are  strongly  influenced  by  rheology.  Most  previous  laboratory  simulations  have  not  been 
able  to  generate  surface  crusts  and,  as  a result,  they  have  failed  to  produce  realistic  flow  morphol- 
ogy. In  addition,  natural  lavas  have  a temperature-dependent  rheology  that  is  only  roughly 
approximated  by  the  commonly  used  Newtonian  and  Bingham  models.  Here  we  report  on  a method 
of  laboratory  simulation  which  allows  surface  structures  on  lava  flows  and  domes  to  be  more  accu- 
rately modeled  using  materials  with  temperature-dependent  rheology. 

We  have  performed  a series  of  25  experiments  in  which  liquid  carbowax,  maintained  at  a tem- 
perature (Tj)  1-3°  above  its  freezing  point  (T ) of  18°C,  was  pumped  at  a constant  flow  rate  (Q) 
through  a hole  in  the  horizontal  base  of  a 30  x 30  x 30  cm  tank  of  sucrose  solution  held  at  a constant 
temperature  (Tw)  between  -3°  and  +16°C.  When  the  fluid  in  the  tank  was  sufficiently  cold  and  the 
flow  rate  sufficiently  low,  a solid  crust  formed  on  the  wax  as  it  spread  away  from  the  central  inlet. 
The  extent  of  crust  formation  could  be  gauged  using  a dimensionless  temperature,  0=(Tf-Tw)/(T[-Tw), 
and  a Peclet  Number,  Pe  = (Q75  g,25)/(K  v25),  where  g'  is  the  reduced  gravity,  k is  the  thermal 
diffusivity,  and  v is  the  kinematic  viscosity  of  the  wax.  Crust  growth  was  favored  in  those  experi- 
ments having  relatively  high  0 and  low  Pe. 

Digitization  and  analysis  of  sequential  vertical  photographs  allowed  radial  growth  rates  to  be 
determined,  along  with  average  radial  velocities  (v  = Ar/At)  and  radial  strain  rates  (er=Av/Ar).  For 
low  0,  crust  did  not  form  and  radial  growth  rates  were  identical  to  those  determined  theoretically  and 
in  the  laboratory  for  Newtonian  viscous  fluids  [1]: 

r = (g'  Q3/3v)0,2St05 

(t  = time).  At  higher  0 values,  crust  appeared,  imparting  an  effective  yield  strength  (x)  to  the  flow. 
Growth  was  then  better  explained  by  a Bingham  plastic  model  [2]: 

r = (pg'Q2  /T)02  t04 

A transition  from  viscous  to  Bingham  behavior,  marked  by  a change  in  slope  of  the  radial  growth 
curve  (Fig.  1),  was  found  to  occur  at  the  theoretically  predicted  time  [2]: 

T = [(g')  0 75  (v) 1 25  (p) 2 (Q) 0 25  ] / [ (x) 05  ]. 

Strain  rates  were  combined  with  laboratory-determined  viscosities  to  compute  stresses.  In 
cases  where  the  radial  compression  was  high  relative  to  gravity,  regularly  spaced  transverse  surface 
folds  formed  with  wavelengths  on  the  order  of  1-3  mm  and  amplitudes  of  about  1 mm  (Fig.  2).  As 
predicted  by  theory  and  seen  in  lava  flows  [3],  wavelengths  increased  as  the  crust  thickened,  in  some 
cases  resulting  in  more  than  one  generation  of  super-imposed  folds.  Under  circumferential  tension, 
radial  crust-free  zones  developed  over  the  vent  which  evolved  into  multi-armed  rift-like  structures. 
As  the  crust  thickened,  the  width  and  number  of  clear  zones  decreased,  eventually  leading  to  a single 
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elongate  rift  or  a three-pronged  structure.  Spreading  took  place  along  circumferential  strike-slip 
faults,  analogous  to  transform  structures  seen  on  mid-ocean  ridges  and  active  lava  lakes.  For  the 
coldest  experiments  (highest  0),  pillow-like  structures  developed,  rather  than  rifts  or  folds.  In  these 
runs,  discrete  narrow  lobes  of  wax  would  advance  a fixed  distance  and  then  stop,  allowing  the  pres- 
sure to  build  up  until  a new  break-out  occurred,  either  along  the  same  or  a different  lobe.  The  overall 
flow  grew  through  this  incremental  process,  producing  a morphology  analogous  to  submarine  pillow 
basalt  complexes  and  subaerial  pahoehoe  fields  formed  on  shallow  slopes. 

By  plotting  Pe  versus  0,  we  were  able  to  map  out  conditions  under  which  folds,  rifts,  pillows, 
or  no  crust  were  favored.  Transitions  from  one  set  of  conditions  to  another  correlated  with  the  speed 
of  crust  growth.  Crust  growth  rates  were  calculated  analytically  [4],  so  that  transitions  could  be  quan- 
titatively related  to  eruptive  conditions.  We  are  currently  calibrating  the  analytical  model  to  our  ex- 
periments and  to  natural  flows  in  order  to  devise  empirical  expressions  for  effective  viscosity  and 
yield  strength  as  functions  of  crust  thickness.  Such  expressions  will  allow  further  quantitative 
interpretation  of  flow  morphology. 

REFERENCES:  [1]  HuppertHE  (1982)  The  propagation  of  two-dimensional  and  axisymmetric  vis- 
cous gravity  currents  over  a rigid  horizontal  surface.  /.  Fluid  Mec/i.l21:43-58.  [2]  Blake  S (1989) 
Viscoplastic  models  of  lava  domes,  in  Fink  JH  (ed.)  The  mechanics  of  lava  flow  and  dome  growth. 
IAVCEI  Proc.  in  Volcanol.  2 (in  press).  [3]  Fink  JH,  Fletcher  RC  (1978)  Ropy  pahoehoe:  surface 
folding  of  a viscous  fluid.  Jour.  Volcanol.  Geotherm.  Res.  4: 151-170.  [4]  Turcotte  D,  Schubert  G 
(1982)  Geodynamics.  New  York:  Wiley,  450  p. 


FIG.  1.  Plot  of  average  dome  radius  versus  time  for  FIG.  2.  Vertical  view  of  carbowax  dome  formed  with 
experiment  with  Pe=523  and  0=0.91.  At  times  less  than  Pe=782  and  0=0.73,  conditions  which  favor  the  produc- 

T=102  sec,  influence  of  the  crust  is  negligible  and  spread-  tion  of  surface  folds.  Field  of  view  is  approximately  30  cm 

ing  rate  is  Newtonian  [1].  After  T,  yield  strength  effects  across, 
slow  the  growth  to  the  Bingham  rate  [2].  r2  for  both  lines 
= 0.99. 
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COMPOSITION  AND  TEXTURAL  VARIATIONS  IN  GLASS  MOUNTAIN  CALIF 
LAVA:  EVIDENCE  FROM  THERMAL  SPECTROSCOPY 

ONDRUSEK  J.,  CHRISTENSEN,  P„  AND  FINK,  J.,  all  at  Dept,  of  Geology,  Arizona 
State  University,  Tempe,  AZ  85287  Bitnet:  AGJXO  @ ASUACAD  ^ 

In  order  to  better  characterize  the  textures  found  in  large  silicic  flows,  we  have  begun 
spectroscopic  studies  of  various  vesicular,  glassy,  and  crystalline  textures  in  silicic  lavas. 

Glass  Mountain,  in  the  Medicine  Lake  Highland  of  California,  is  a large  silicic  lava  flow  which 
appears  to  be  the  product  of  magma  mixing.  A map  of  the  distribution  of  various  compositions 
on  the  flow  surface  would  be  useful  in  the  interpretation  of  the  dynamics  of  this  eruption.  The 
Thermal  liifrared  Multispectral  Scanner  (TIMS)  instrument  generates  images  containing 
compositional  information,  and  may  have  use  in  creating  composition  distribution  maps. 
However,  textural  variations  on  lava  flows  also  strongly  influence  TIMS  imagery,  and  proper 
interpretation  requires  separation  of  textural  and  compositional  components.  Glass  Mtn.  is  an 
excellent  locality  to  test  these  effects  on  TIMS  data.  It  is  young  (ca.  1 100  yrs  ) has  little 
weathering,  and  virtually  no  vegetative  cover.  ’ 

Samples  representing  three  textures  in  each  of  two  compositions  (rhyolite,  ca.  73%  Si02V 
and  dacite,  ca.  62%  Si02)  were  collected.  The  textures  are  characterized  as  1)  coarsely 
vesicular  pumice  (CVP),  with  vesicles  1-5  mm  in  size;  2)  finely  vesicular  pumice  (FVP)  with 
<1  mm  size  vesicles;  and  3)  glassy  obsidian.  High  resolution  thermal  infrared  emission  spectra 
of  these  samples  were  obtained  in  the  laboratory  with  a Mattson  Cygnus  FTIR  spectrometer. 

i non1  non''^s*cu^ar  rhyolite  samples,  a broad  spectral  feature  was  observed  centered  at 
1U80  wavenumbers;  non- vesicular  dacite  samples  showed  the  same  feature  centered  at  1120 
wavenumbers.  This  shift  in  wavelength  is  consistent  with  compositional  variations  affecting 
the  degree  of  polymerization  and  the  bond  strength  of  the  Si-O  tetrahedron.  The  depth  of  this 
absorption  feature  progressively  decreases  with  increasing  vesicularity,  and  is  barely  evident  in 
samples  with  vesicles  larger  than  a few  millimeters.  These  changes  due  to  texture  are 
independent  of  composition  and  do  not  alter  the  absorption  band  location. 

The  implication  for  the  interpretation  of  TIMS  imagery  is  that  glassy  lavas  of  similar 
composition,  such  a dacite  and  rhyolite  (about  10%  difference  in  Si02)  may  be  distinguishable 
Such  separation  is  difficult  to  achieve  over  large  areas  by  other  methods.  However  this 
discermbility  dinumshes  with  increasing  vesicularity,  due  to  the  decrease  in  absorption  band 
depth.  Vesicles  as  small  as  a few  millimeters  have  a profound  effect  on  thermal  IR  spectra  and 
such  vesicular  lavas  are  quite  common  on  silicic  lava  flows.  Given  sufficient  spectral  (and’ 
spatial)  resolution  it  may  be  possible  to  determine  both  compositional  and  textural  variations. 
Based  on  these  lab  results,  TIMS  imagery  from  the  non-vesicular  portions  of  Glass  Mtn.  will 
be  used  to  measure  the  areas  of  the  various  compositional  zones;  these  data  will  then  be 
inserted  into  various  eruption  models  in  order  to  test  the  models'  applicability. 
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CHAPTER  10 


CRATERING  PROCESSES  AND  CHRONOLOGIES 


GIANT  IMPACT  THEORY  OF  THE  MOON'S  ORIGIN:  FIRST  3-D 

HYDROCODE  RESULTS 

H.  J.  Melosh  , Lunar  and  Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ  85721, 
and  M.  E.  Kipp,  Sandia  National  Laboratory,  Albuquerque,  NM  87185. 


The  giant  impact  theory  of  the  moon's  origin  has  rapidly  gained  a degree  of  acceptance 
among  planetary  scientists  because  of  its  apparent  ability  to  explain  the  major  features  of  lunar 
geochemistry  and  dynamics  (1).  More  refined  geochemical  modeling,  however,  depends  upon 
a greater  understanding  of  the  physics  of  planetary-scale  impacts.  This  understanding  can  only 
come,  at  the  present  time,  from  detailed  computer  computation  of  the  course  of  such  an  impact. 
Although  the  two-dimensional  hydrocode  models  we  have  reported  in  the  past  are  suggestive, 
full  three-dimensional  computations  are  needed  to  resolve  many  of  the  details  of  the  putative 
collision  between  the  protoearth  and  a Mars-size  protoplanet. 

We  report  here  on  four  successful  computations  of  the  collision  between  a Mars-size 
protoplanet  and  the  protoearth.  These  computations  were  performed  with  a three-dimensional 
hydrocode  called  CTH,  which  was  developed  at  Sandia  National  Laboratories  over  the  past 
two  years.  CTH  is  an  Eulerian  continuum  code  that  is  capable  of  resolving  the  details  of  jetting 
and  vaporization  in  the  collision.  It  runs  on  the  Sandia  Cray  I/XMP,  and  utilizes  the  new  solid- 
state  disk  to  handle  the  large  number  of  variables  in  this  problem.  Zone  sizes  are  cubes 
approximately  200  km  on  a side,  so  very  fine  resolution  was  obtained,  although  at  the  cost  of 
employing  several  million  zones  in  the  overall  computation.  The  numerical  equation  of  state 
ANEOS  was  employed,  and  it  was  assumed  that  the  planets'  mantles  are  composed  of  dunite 
and  their  cores  of  liquid  iron.  The  initial  temperature  and  pressure  distribution  in  the  protoearth 
was  modeled  on  the  present  distribution,  although  the  2-D  runs  previously  performed  (2) 
showed  that  the  results  depend  only  slightly  upon  these  initial  conditions. 

The  major  simplification  we  had  to  make  was  to  treat  gravity  as  a purely  central  force:  full 
self-gravity  is  beyond  the  reach  of  the  present  code.  We  do  not  believe  this  is  a major  source 
of  error  in  the  early  part  of  the  computation,  as  gas  pressures  and  accelerations  greatly  exceed 
gravitational  forces,  but  it  may  become  important  later  on.  During  the  course  of  our 
computations  most  of  the  initially  vaporized  material  condenses,  so  ballistic  extrapolations 
using  self-gravitation  may  be  performed  on  the  code's  output.  This  work  is  currently  in 
progress.  Although  the  smoothed-particle-hydrodynamic  (SPH)  code  of  Benz  et  al  (3)  can 
handle  self-gravity  more  efficiently  than  conventional  hydrocodes  such  as  CTH,  such  SPH 
codes  do  not  deal  with  pressure  gradients  well,  so  that  we  feel  that  the  computations  presented 
here  provide  a better  picture  of  the  early-time  (about  the  first  half-hour)  events  in  a planetary 
collision  that  the  current  SPH  computations  can. 

The  four  computations  reported  were  performed  for  two  approach  velocities,  0 and  7.8 
km/sec,  and  at  impact  parameters  of  0.88  Re,  1.25  Re  (0  km/sec)  and  0.59  Re,  125  Re  (7.8 
km/sec).  The  impact  parameters  0.88  Re  and  0.59  Re  were  chosen  because  a Mars-mass 
impactor  at  these  impact  parameters  impart  the  present  angular  momentum  to  the  earth-moon 
system.  Re  is  the  radius  of  the  earth.  The  figures  below  illustrate  temperature  contours  across 
the  midplane  (symmetry  plane)  of  the  collision  at  a time  when  the  plume  is  fully  developed 
Compared  with  the  older  2-D  computations  the  3-D  models  show,  as  expected,  somewhat 
lower  peak  pressures  and  temperatures.  Whereas  the  7.8  km/sec  impacts  in  2-D  developed  a 
very  high-speed  plume,  most  of  which  escaped  the  earth,  the  present  3-D  results  produce  a 
plume  which  travels  at  less  than  escape  velocity  and  which  may  thus  increase  the  amount  of 
mass  that  eventually  enters  a closed  orbit  about  the  earth.  We  also  find  a surprising  amount  of 
material  ejected  to  the  sides,  although  this  result  is  in  at  least  qualitative  agreement  with  an 
earlier  analytic  model  of  jetting  (4).  The  major  results  of  this  simulation  will  be  displayed  at  the 
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conference  in  the  form  of  color  computer  graphic  images  of  the  plume  at  100  second  intervals 
out  to  times  of  about  2400  seconds  from  the  impact. 

REFERENCES:  (1)  eg,  D.  J.  Stevenson,  Ann.  Rev.  Earth  Planet.  Sci.  15,  271-315  (1987). 
(2)  Kipp,  M.  E.  and  Melosh,  H.J.  Lunar  and  Planetary  Science  Conference  XVIII,  491- 
492  (1987)  . (3)  W.  Benz,  W.  L.  Slattery,  and  A.  G.  W.  Cameron,  Icarus  66,  515-535 
(1986)  and  Icarus  71,  30-45  (1987).  (4)  H.  J.  Melosh  and  C.  P.  Sonett  in  Origin  of  the 
Moon,  LPI  (1986)  pp.  621-642. 
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EARTH  ROCKS  ON  MARS:  MUST  PLANETARY  QUARANTINE  BE 

RETH OU G HT ^ 

H.  J.  Melosh,  Lunar  and  Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ  85721. 


Recent  geochemical,  isotopic  and  rare  gas  studies  (1)  have  convinced  a majority  of 
planetary  scientists  that  the  eight  SNC  meteorites  originated  on  the  planet  Mars.  In  addition, 
fie 2S!  found  in  Antartica  clearly  originated  on  the  moon  (2)  Detailed  consideration 
of  the  mechanism  by  which  these  meteorites  were  lofted  into  space  strongly  suggest  that  the 
process  of  stress-wave  spallation  near  a large  impact  (3)  with,  perhaps,  an  assist  from  vapor 
nlume  expansion  (4),  is  the  fundamental  process  by  which  lightly-shocked  rock  debris  is 
ejected  into  interplanetary  space.  In  the  most  plausible  scenario,  the  SNC  meteorites  were 
ejected  from  Mar? in  the  form  of  10  m or  greater  diameter  boulders  1 80  Myr  ago  by  an ^impact 
that  created  a crater  at  least  100  km  in  diameter  (5).  These  boulders  were  large  enough  to 
shield  a substantial  fraction  of  their  interiors  from  cosmic  rays  until  a breakup  in  spacesevm 
million  years  ago  exposed  them  to  cosmic  ray  bombardment  before  they  felt  to  the  earth 

surface. has  alsQ  been  struck  by  meteorites  large  enough  to  produce  craters  more  than 

100  km  in  diameter,  such  as  Sudbury  in  Ontario,  Canada  (140  km  diameter,  1850  My  )> 
Veredefort  in  South  Africa  (140  km,  1970  Myr  old),  Poipgay  in  Siberia ^(100km  39  Myr), 
Manicougan  in  Quebec,  Canada  (100  km,  210  Myr),  and  perhaps  a so  the  recently  loca  ed 
Acraman  structure  in  Australia  (>90km,  600  Myr).  In  addition  to  the  known  ^rge  craters  the 
mounting  evidence  that  the  Cretaceous  era  was  ended  by  the  impact  of  a 10  km  diame^ 
asteroid  or  comet  suggests  that  many  other  large  impacts  have  occurred  in  Phanerozoic  time 
whose  craters  either  have  not  yet  been  found,  or  which  have  been  modified  beyon 
recognition.  No  craters  have  yet  been  located  on  the  sea  floor,  which  constitutes  about  3/4  ot 

the  earth’s  present  surface  area.  . , «« 

These  considerations  lead  naturally  to  the  question,  if  Mars  rocks  are  found  m earth, 
why  should  not  earth  rocks  be  found  on  Mars?  Furthermore,  if  earth  rocks  should  find  their 
way  to  Mars,  might  they  contain  spores  or  some  sort  of  viable  microorganisms  that  might  then 

have  the  opportunity  to  colonize  Mars?  . 

To  answer  the  first  part  of  the  question,  I used  the  theory  of  spall  ejection  (6)  to 
examine  the  mass  and  velocity  of  material  ejected  from  the  near  vicinity  of  an  impact.  Since  the 
spall  mechanism  only  operates  in  the  near  vicinity  of  a free  surface,  the  ejected  rocks  would  all 
have  originated  from  close  to  the  surface,  consistent  with  observations  on  both  the  Martian  and 
lunar  meteorites.  The  near  surface  is  also  the  most  biologically  active  region  of  the  earths 
crust  so  the  chance  of  ejecting  spores  and  microorganisms  with  the  spalled  material  is 
relatively  high.  The  theory  indicates  that  the  volume  of  material  ejected  at  a velocity  greater  or 
equal  to  greater  than  a predetermined  velocity  ve  is 


V(velociIy>ve)  ^ 8 PM  T , /_£)  ] 

V (projectile)  pPcjJJ 

where  the  volume  is  normalized  by  the  projectile  volume,  p is  the  density  of  the  target,  P = 4 
for  most  applications,  U is  the  impact  velocity,  cl  is  the  speed  of  the  shock  wave  in  the  target, 

and  Pm  is  the  maximum  pressure  achieved  in  the  material  ejected. 

If  the  ejection  velocity  ve  is  taken  to  be  the  earth's  escape  velocity,  this  equation  will 
yield  the  volume  of  material  ejected  from  the  earth  for  a given  velocity  and  size  of  the  initial 
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impactor.  However,  this  equation  neglects  the  effect  of  atmospheric  interference,  which  could 
be  of  overriding  importance  on  the  earth.  Numerical  computations  of  the  effect  of  a 10  km 
diameter  asteroid  on  the  earth  s atmosphere  (7)  indicate  that  such  a projectile  clears  the 
atmosphere  away  from  its  immediate  vicinity,  leaving  behind  a "hole"  that  takes  minutes  to 
close  and  through  which  early,  fast  spalled  ejecta  may  escape.  However,  to  be  on  the 
conservative  side,  I performed  spall  computations  in  which  I assume  that  the  atmosphere  is 
present  at  its  normal  density.  In  a large  impact  the  sheer  mass  of  high  velocity  spalled  material 
is  so  large  that  it  exceeds  the  mass  present  in  the  atmospheric  column,  and  so  the  spalled 
surface  rocks  may  not  be  greatly  hindered  by  the  atmosphere.  For  the  purposes  of  the 
computation  I averaged  the  momentum  of  that  spalled  material  which  was  ejected  faster  than  the 
earth  s escape  velocity  and  the  atmospheric  gases  along  the  escape  trajectory  If  the  final 
velocity  of  both  the  spalled  material  and  the  atmosphere  still  exceeded  escape  velocity,  then  this 
material  was  counted  as  having  escaped.  If  the  average  was  less  than  escape  velocity,  then  it 
was  presumed  that  the  material  was  stopped  by  the  atmosphere  and  fell  back  to  earth. 

Much  of  the  spalled  material,  while  protected  from  the  maximum  pressure  occurring  in 
the  shock  wave  by  rarefactions  from  the  free  surface,  nonetheless  suffers  significant  shock 
damage.  One  of  the  SNC  meteorites  (EETA  79001)  contains  impact  melt  glass  and  may  have 
experienced  pressures  as  great  as  50  GPa.  Any  organisms  residing  in  the  rock  would  certainly 
have  been  killed  by  the  heat  generated  by  the  shock  event.  Only  the  rocks  nearest  the  surface 
which  receive  the  maximum  protection  from  shock  would  escape  heating  to  less  than  100°C 
and  thus  retain  viable  microorganisms  and  spores.  I take  the  corresponding  shock  pressure  as 
equal  to  the  stress  necessary  to  crush  the  rock  (when  internal  pores  collapse  the  PdV  work 
done  during  the  collapse  greatly  enhances  the  energy  deposition  and  at  this  point  residual 
temperatures  greatly  exceed  100°C),  or  about  0.1  GPa  (1  kilobar).  The  volume  of  ejected 
material  thus  escaping  sterilization  is  thus  considerably  less  than  the  total  volume  of  spalled 
rock.  However,  this  near-surface  zone  begins  with  a full  complement  of  soil  microorganisms 
some  of  which  appear  likely  to  survive  the  ejection  process.  Behind  the  surface  skin  of  spalled 
rock  which  has  been  raised  to  less  than  100°C  (which  I will  call  the  fecund  zone  in  the 
following)  is  a larger  mass  of  hot,  sterilized  rock  that  pushes  the  meter-plus-diameter  boulders 
from  the  fecund  zone  through  the  atmosphere.  Although  some  brief  heating  may  occur  at  the 
surface  of  the  fecund  zone  as  the  atmosphere  is  compressed  in  front  of  it,  this  heating  is  of 
short  duration,  since  at  1 1 km/sec  the  ejecta  clears  the  lower  atmosphere  in  a matter  of  seconds. 

1 he  thermal  penetration  depth  of  such  a heat  pulse  is  only  a few  millimeters,  so  that  most  of  the 
ejected  organisms  will  survive. 

Figure  1 shows  the  volume  of  fecyntj  material  (which  is  only  a few  percent  of  the  total 
fjected  from  the  earth  as  a function  of  impact  velocity  and  transient  crater 
diameter  (the  final  crater  will  be  about  65%  larger  than  the  transient  crater  size).  Note  that  no 
ejecta  escapes  unless  the  impact  velocity  exceeds  about  30  km/sec.  This  is  a conservative  limit- 
the  spall  model  used  to  construct  this  plot  assumes  that  no  spall  material  is  ejected  faster  than 
about  55%  of  the  impact  velocity.  Direct  observations  on  small  scale  impacts  (8)  indicate  that 
some  material  may  be  spalled  at  speeds  approaching  85%  of  the  impact  velocity.  The  contours 
m Figure  1 are  labeled  by  the  volume  ejected  in  m3.  It  is  clear  that  a 50-75  km  diameter 
transient  crater  (which  would  produce  a final  crater  comparable  in  diameter  to  the  observed 
arge  craters  on  earth)  could  eject  roughly  a million  cubic  meters  of  meter-plus-diameter 
boulders  from  the  fecund  zone.  F 

It  thus  seems  likely  that  the  half-dozen  largest  impact  events  on  earth  would  have  each 
ejected  considerable  masses  (millions  of  tons)  of  near  surface  rocks  carrying  viable 
microorganisms  into  interplanetary  space.  Much  of  the  ejected  debris  would  have  been  in  the 
orm  of  boulders  large  enough  to  shield  those  organisms  even  from  galactic  cosmic  rays  not  to 
mention  ultraviolet  radiation  and  low  energy  solar  cosmic  rays.  Under  such  circumstances 
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spores  might  remain  viable  for  long  periods  of  time.  Even  microorganisms  active  at  the  time  of 
election  might  have  been  preserved  for  considerable  periods  by  lopholization  in  hard  vacuum. 
Viable  organsims  preserved  by  this  process  were  recovered  from  the  Surveyor  3 camera 

assembly  after  three  years  on  the  lunar  surface  (9).  . ... 

No  computations  have  yet  been  performed  to  indicate  how  long  earth  ejecta  would  take 
to  reach  Mars.  Similar  computations  on  the  migration  of  Mars  ejecta  to  earth  (10)  indicate 
mean  transit  times  of  millions  of  years.  However,  since  earth's  greater  mass  may  result  in 
larger  perturbations  to  the  orbits  of  nearby  debris,  the  transit  time  from  earth  to  Mars  may  be 
considerably  shorter.  Some  debris,  of  course,  could  make  the  trip  much  more  quickly  than  the 

mean  me.^  ^ boulders  falling  to  the  surface  would  be  slowed  even  by  Mars'  thin 

atmosphere  and  might  even  be  fragmented  and  their  interiors  exposed  by  aerodynamic  stresses 
at  low  altitudes.  This  process  is  especially  important  for  small  objects,  meter  size  and  below 
(11).  Terrestrial  organisms  in  these  rocks  would  thus  have  the  opportunity  to  colonize  the 
planet  if  they  could  find  suitable  conditions.  I am  not  claiming  that  such  conditions  are  present 
on  Mars,  only  that  it  appears  likely  that  viable  terrestrial  microorganisms  have  reached  the 
surface  of  Mars  by  natural  processes.  It  thus  appears  that  the  planets  of  the  solar  system  are 
not  completely  isolated  biologically:  from  time  to  time  large  impacts  may  inoculate  planets  the 
inner  solar  system  with  a sample  of  terrestrial  life.  The  most  recent  such  inoculation  may  have 
taken  place  39  Myr  ago  with  the  event  that  created  Popagi  crater  in  Siberia. 

In  the  light  of  these  considerations  the  need  for  biological  quarantine  may  not  be  as 
serious  as  was  once  supposed.  Rocks  from  Mars  have  already  fallen  to  earth  without  having 
undergone  any  sterilization  other  than  that  imposed  by  millions  of  years  m space.  Earth  rocks 
may  similarly  have  already  reached  Mars.  In  any  event,  the  possibility  that  Mars  has  already 
been  exposed  to  terrestrial  microorganisms  should  be  factored  into  any  future  discussions  or 
planetary  quarantine. 
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Atmospheric  Erosion  by  High  Speed  Impact  Ejecta 

AriL^Tuto“^Z8572Te'7  (B°‘h  ^ ^ ^ Labomm>-  of 


G H.  Watkins  (1983)  has  proposed  that  impacts  may  have  played  a major  role  in  the  evolution 

at m n h pr p ^ 7 i if  nmf'l  P ^ a n e * s by  ejecting  a significant  fraction  of  the  primordial 

atmosphere  J C G.  Walker  (1987),  however,  argued  that  the  amount  of  ejected  atmosphere 
s only  slightly  larger  than  that  intercepted  by  the  incoming  projectile,  and  is  thus  far  too  small 
to  affect  the  evolution  of  the  atmosphere.  Watkins’  and  Walkers  methods  differ  greatly 

however,  and  it  is  presently  unclear  how  much  of  the  atmosphere  can  be  ejected  by  a large 
impact  event.  J J 6 

Although  this  controversy  can  probably  only  be  resolved  by  detailed  numerical  computations  of 
an  atmosphere  s response  to  a large  impact,  it  has  been  suggested  that  high  speed  ejecta  might 
entrain  and  thus  remove  a large  part  of  the  atmosphere  adjacent  to  an  impact.  This  process  is 

hh!Keipidl1 wU  n Tdel  nun^uicaHy’  S°  We  emPloyed  an  analytical  model  ofP the  very 
highest  velocity  (spalled)  ejecta.  The  ejection  velocity  of  this  material  near  the  surface  of  the 

earth  was  computed  as  a function  of  projectile  diameter  (0.1  to  100  km  diameter)  imnact 

lf\ncr  15  to  70  j<m/sec)’  and  distance  from  the  point  of  impact.  Only  material  with  ejection 
velocities  greater  than  earth  s escape  velocity  was  considered.  It  was  then  determined  whether 
the  ejecta  possessed  sufficient  momentum  to  entrain  the  atmospheric  gases  lying  in  its  path  and 
yet  still  escape  the  earth.  If  so,  then  these  gases  were  considered  ejected.  The  results  (Fig 
below)  show  that  even  the  largest,  highest  velocity  projectiles  eject  less  than  about  3 times  the 
mass  of  the  atmosphere  intercepted,  a result  rather  similar  to  Walker’s  (1987)  conclusion  High 

impacteon  eai5hS  SCCm  l°  fadlitate  the  ejeCtion  of  atl™sPheric  gases  in  large 
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ATMOSPHERIC  EROSION  BY  IMPACTS:  AN  ANALYTIC  INVESTIGATION 

A.  M.  Vickery  and  H.J.  Melosh,  Lunar  and  Planetary  Laboratory,  University  of  Arizona, 
Tucson,  AZ  85721 


Until  recently,  models  for  the  origin  and  evolution  of  the  atmospheres  of  terrestrial 
planets  ignored  the  effects  of  accretionary  impacts.  In  the  1970's,  however,  it  was  suggested 
that  heating  and/or  vaporization  of  accreting  carbonaceous-chondrite-type  planetesimals  could 
result  in  the  release  of  their  volatile  components  (1,2).  Modeling  of  this  process  (e.g.,  3,4) 
strongly  suggests  that  substantial  atmospheres/hydrospheres  could  develop  this  way.  During 
most  of  the  accretionary  process,  impact  velocities  generally  differed  little  from  the  escape 
velocity  of  the  growing  proto-planet  because  most  of  the  collisions  were  between  bodies  in 
nearly  matching  orbits.  Toward  the  end  of  accretion,  however,  collisions  were  rarer  but  much 
more  energetic,  involving  large  planetesimals  and  higher  impact  velocities  (5).  It  has  been 
postulated  that  such  impacts  result  in  a net  loss  of  atmosphere  from  a planet,  and  that  the 
cumulative  effect  impacts  during  the  period  of  heavy  bombardment  might  have  dramatically 
depleted  the  original  atmospheres  (6,7). 

The  transfer  of  momentum  from  an  impactor  to  an  atmosphere  can  occur  in  a number  of 
ways.  First  there  is  the  direct  transfer  of  momentum  as  the  impactor  penetrates  the  atmosphere, 
compressing  and  accelerating  the  gas  in  front  of  it.  O'Keefe  and  Ahrens  (8)  showed  that  the 
impactor  delivers  only  a small  fraction  of  its  kinetic  energy  directly  to  the  atmosphere,  and 
Walker  (9)  showed  that  this  energy  is  distributed  in  such  a way  that  no  significant  amount  of 
atmosphere  escapes  from  a planet  with  an  escape  velocity  >.  10  km/s.  Second,  solid  ejecta 
thrown  out  of  the  growing  crater  can  similarly  transfer  momentum  to  the  atmosphere,  but  again 
this  has  been  shown  to  result  in  negligible  atmospheric  loss  (10).  Third,  for  a sufficiently 
energetic  impact,  a great  deal  of  very  hot,  dense  vaporized  impactor  + target  material  will  be 
produced  that  expands  upward  and  outward  at  high  velocities,  driving  the  overlying 
atmosphere  ahead  of  it. 

The  initial  pressures  in  the  impact-generated  gas  cloud  will  be  so  much  higher  than 
atmospheric  pressure  that  one  can,  as  a first  approximation,  consider  the  gas  to  be  expanding  in 
a vacuum.  We  used  the  analytic  solutions  of  (1 1)  to  calculate  the  momentum  of  the  impact  gas, 
for  which  we  needed  to  specify  the  mass  and  initial  pressure  and  density  of  the  gas.  The 
pressure  as  a function  of  impact  velocity  for  velocities  of  10  to  50  km/s  was  estimated  using 
impedance-matching  (12),  and  the  density  was  then  estimated  from  the  Rankine-Hugoniot 
relations.  The  mass  of  gas  was  arbitrarily  chosen  to  range  from  1010  kg  to  1020  kg. 

The  maximum  amount  of  atmosphere  that  can  potentially  be  blown  off  in  a single 
impact  is  that  lying  above  a plane  tangent  to  the  planet's  surface  at  the  point  of  impact.  We 
derived  the  following  equation  to  calculate  the  mass  of  atmosphere  as  a function  of  zenith  angle 
lying  above  the  tangent  plane  : 


P(z)  [VF  + 2Rz  + R2cos  2 0 — Rcos  0] 


z2  + 2Rz  +R  cos26 


where  is  the  angle  from  the  zenith,  z is  altitude,  is  density,  and  R is  the  radius  of  the  planet. 
The  atmospheric  density  profile  for  the  earth  was  taken  from  (13),  while  those  for  Mars  and 
Venus  were  calculated  from  temperature  profiles,  surface  temperatures  and  pressures  (13),  the 
equation  for  hydrostatic  equilibrium,  and  the  perfect  gas  law.  A series  of  calculations  was  also 
performed  for  a hypothetical  primitve  Martian  atmosphere,  arbitrarily  chosen  to  be  isothermal 
(T=300  K)  and  to  have  a surface  pressure  of  105  Pa  and  surface  density  of  1 kg/m3.  The 
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results  are  shown  in  figures  1-4.  As  one  would  intuitively  expect,  the  fraction  of  atmosphere 
blown  off  increases  with  both  impact  velocity  and  mass  of  impact-produced  gas.  The  efficiency 
with  which  atmosphere  is  removed  for  a given  impact  velocity  and  impact  gas  mass  increases 
in  the  order  Venus,  Earth,  Mars,  and  the  hypothetical  primitive  atmosphere  of  Mars  is  more 
efficiently  removed  than  that  of  present  day  earth  (which  it  resembles  in  surface  pressure  and 
density)  because  of  Mars'  lesser  gravity. 

The  mass  of  impact  gas  is  used  as  a parameter  in  these  calculations  rather  than  the  mass 
of  the  impactor.  This  makes  it  impossible  to  cast  these  results  in  terms  of  impact  energy  or 
momentum,  but  was  necessary  because  the  use  of  the  Zel'dovich-Razier  equations  (11)  is  only 
valid  for  the  initial  gas  pressures  » ambient  atmospheric  pressure,  and  there  is  no  reliable  way 
to  estimate  the  mass  of  such  gas  as  a function  of  impactor  mass  and  impact  velocity.  Another 
complication  is  that  oblique  impacts  apparently  produce  much  more  vapor  than  normal  impacts 
with  the  same  impactor  mass  and  impact  velocity  (14). 

REFERENCES:  (1)  Arrhenius  et  al.(1974)  in:  The  Sea,  vol  5 ( E.D.  Goldberg.Ed.),  Wiley, 
p.839.  (2)  Benlow,  A.  and  Meadows,  A.J.  (1977)  Astrophys.  Space  Sci.  46,  293.  (3)  Abe, 
Y.and  Matsui,  T.  (1985)  Proc.  Lunar  Planet.  Sci.  Conf.  15th,  Part  2,  J.  Geophys.  Res., 
C545.  (4)  Lange,  M.  A.  and  Ahrens,  T.J.  (1982)  Icarus  51,  96.  (5)  Wetherill,  G.  W.  (1985) 
Science  228,  877.  (6)  Watkins,  G.  H.  (1984)  PhD  Thesis,  M.I.T.  (7)  Cameron,  A.  G.  W. 
(1983)  Icarus  56,195.  (8)  O'Keefe,  J.  D.  and  Ahrens,  T.  J.  (1982)  in:  Geol.  Soc.  Amer. 
Spec.  Pap.  190,  103.  (9)  Walker,  J.C.G.  (1986)  Icarus  68,  87.  (10)  Melosh,  H.J.  (1988) 
Nature,  332,  687.  (11)  Zel'dovich,  Ya.  B.  and  Razier,  Yu.  P.  (1966)  Physics  of  Shock 
Waves  and  High-Temperature  Hydrodynamic  Phenomena,  vol  I,  Academic  Press.  (12)  Gault, 
D.  E.  and  Heitowit,  E.  D.  (1963)  Proc.  6th  Hypervelocity  Impact  Symp., vol.  2,  419.  (13) 
Chamberlain,  J.W.  and  Hunten,  D.  M.  (1987)  Theory  of  Planetary  Atmospheres,  2nd  ed., 
Academic  Press. (14)  Schultz,  P.H.  and  Crawford,  D.  (1987)  Lunar  Planet.  Sci  XVIII,  888. 
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WAS  THE  EARLY  ATMOSPHERE  OF  MARS  SUSTAINED  BY  IMPACT-INDUCED 
RELEASE  OF  C02? 

Michael  H.  Carr,  U.  S.  Geological  Survey,  Menlo  Park,  CA  94025 

Valley  networks  have  been  widely  interpreted  as  having  formed  by  slow, 
erosion  of  running  water  [1,2].  If  this  interpretation  is  correct,  then 
warmer  climatic  conditions  may  have  been  required,  irrespective  of  the 
origin  of  the  water.  Greenhouse  calculations  show  that,  for  surface 
temperatures  to  approach  273°K,  the  atmospheric  pressure  at  the  surface 
must  have  been  at  least  1—2  bars  [3,4] . Most  of  the  valleys  are  very 
ancient.  Most  of  those  presently  visible  appear  to  have  formed  at  the 
tail  end  of  or  shortly  after  the  period  of  heavy  meteorite  bombardment, 
which  is  thought,  by  analogy  with  the  Moon,  to  have  terminated  around  3.8 
b.y.  ago.  While  most  of  the  very  early  evidence  is  destroyed  by  meteorite 
impact,  it  is  reasonable  to  assume  that  high  rates  of  valley  formation 
prevailed  throughout  the  early  heavy  bombardment.  If  water  was  stable  at 
the  surface,  CC>2  would  be  scavenged  from  the  atmosphere  to  form 
carbonates,  at  rates  estimated  at  1 bar  every  10  years  [5,6].  Thus,  if 
water  was  stable  at  the  surface  at  the  end  of  heavy  bombardment,  some 
mechanism  must  have  operated  to  recharge  the  atmosphere  with  C02-  The 
seeming  coincidence  between  the  decline  in  the  rate  of  valley  formation 
and  the  decline  in  the  impact  rate  suggests  that  the  two  might  be 
coupled.  The  high  rates  of  impact  may  have  contributed  toward  sustaining 
an  early  thick  atmosphere  so  that,  when  the  impact  rate  declined,  the 
atmosphere  thinned  and  the  rate  of  valley  formation  declined. 

Impacts  could  have  helped  sustain  an  early,  relatively  thick 
atmosphere  in  at  least  three  ways:  (1)  carbonates  that  formed  on  the 

surface  could  have  been  folded  so  deeply  into  the  megaregolith  that  they 
reached  dissociation  temperatures,  (2)  CC>2  could  have  been  released  from 
carbonates  during  impacts  as  a result  of  shock  loading  and  heating,  and 
(3)  CO  could  have  been  introduced  onto  the  planet  by  the  impacting 
meteorites.  Order  of  magnitude  estimates  have  been  made  of  the  efficacy 
of  these  three  mechanisms  on  the  assumption  that  impact  rates  on  Mars  at 
from  the  time  of  planet  formation  until  the  end  of  heavy  bombardment  were 
similar  to  the  impact  rates  on  the  Moon  during  the  Nectarian  period,  at 
the  end  of  its  heavy  bombardment. 

Burial  rates  were  calculated  by  simply  assuming  that  all  the  crater 
ejecta  was  distributed  uniformly  over  the  whole  planet.  Apart  from  the 
impact  rate,  the  biggest  uncertainties  are  first,  how  the  depth  and 
diameter  of  the  transient  cavity  scale  with  the  final  crater  diameter,  and 
second,  how  much  C0?  had  outgassed  from  the  planet  and  so  was  available 
for  formation  of  carbonates.  Modelling  of  the  thermal  profiles  within  the 
crust  suggests  that  the  carbonates  had  to  be  buried  to  depths  of  15—20  km 
for  dissociation  to  occur.  Burial  rates  as  a result  of  irapacts^t  the  end 
of  heavy  bombardment  are  estimated  to  range  from  20-45  m per  10  years. 

At  these  rates,  and  assuming  that  10  bars  of  C02  had  outgassed,  0.1  t<j  0.2 
bars  of  C02  could  have  been  released  by  burial  of  carbonates  every  10 
years.  However,  there  is  barely  time  between  the  formation  of  the  planet 
and  the  end  of  heavy  bombarraent  for  burial  to  the  required  depths,  unless 
volcanism  contributed  significantly  to  the  burial. 
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Impacts  could  cause  release  of  C02  from  carbonates  directly  by 
subjecting  the  carbonates  to  shock  pressures  over  200  kb  [7],  or  by 
heating  carbonates  in  the  surface  to  temperatures  above  that  required  for 
dissociation.  The  Kieffer  and  Simonds  model  [8]  was  used  to  calculate  the 
rate  at  which  material  would  be  shocked  to  200  kb  for  the  Nectarian  impact 
rate.  Dissociation  as  a result  of  the  thermal  anomaly  left  after  the 
impact  is  significant  only  for  large  craters.  For  these  craters  the 
thermal  anomaly  extends  to  depths  where  the  normal  geothermal  gradient 
approaches  within  a few  hundred  degrees  of  dissociation  temperatures.  At 
these  depths  a relatively  small  thermal  anomaly  can  push  the  local 
temperatures  over  the  dissociation  temperatures.  The  results  of  the 
modeling  suggest  that  the  rates  of  release  of  CO^  as  a direct  result  of 
the  impacts  are  rather  modest.  Assuming  10  bars  of  outgassed  C02,  the 
rate  of  direct  release  is  estimated  to  be  only  0.01  to  0.02  bars  every  107 
years . 

The  third  mechanism  whereby  meteorite  impacts  could  have  added  CO,,  to 
the  atmosphere  is  by  addition  of  carbon  in  the  meteorites,  followed  by 
oxidation  to  C02*  It  Is  difficult  to  estimate  how  effective  a mechanism 
this  could  be  in  sustaining  the  atmosphere,  not  knowing  what  types  of 
meteorites  dominated  at  the  end  of  heavy  bombardment.  However,  a 
reasonable  upper  limit  on  the  amount  of  CO^  supplied  to  the  atmosphere  can 
be  determined,  on  the  assumption  that  the  meteoritic  material  contained  3 
percent  carbon,  the  fraction  present  in  the  most  carbon-rich  meteorites, 
the  Cl  carbonaceous  chondrites.  This  upper  limit  is  close  to  0.3  bars 
every  10  years. 

These  calculations  suggest  that  only  under  the  most  optimistic 
circumstances  could  impacts  be  effective  in  offsetting  a loss  of  CO^  from 
Mars'  early  atmosphere  at  a rate  of  1 bar  every  10'  years.  Several 
possibilities  suggest  themselves:  (1)  warm  surface  conditions  and  a 

relatively  thick  atmosphere  may  not  be  required  for  valley  formation,  (2) 
estimates  of  the  rate  of  fixation  of  C02  in  carbonates  are  too  high,  (3) 
other  mechanisms,  such  as  volcanism  may  have  contributed  significantly 
to  sustaining  an  early  thick  atmosphere,  and  (4)  the  impact  rates  on  Mars 
at  the  end  of  heavy  bombardment  were  significantly  larger  than  on  the 
Moon.  Of  these,  possibility  (2)  appears  most  likely.  If  liquid  water 
was  present  at  the  surface  only  intermittently,  then  the  fixation  rates 
that  have  been  estimated  would  be  too  high.  Possibility  (2)  is  plausible 
on  other  grounds,  for  the  atmosphere  would  tend  to  buffer  itself  at 
temperatures  just  below  that  required  to  have  liquid  water  at  the  surface 
and  efficiently  remove  C02* 

REFERENCES.  [1]  Carr,  M.  H. , 1981,  The  Surface  of  Mars.  Yale  Press. 

[2]  Baker,  V.  R. , 1982,  The  Channels  of  Mars.  Univ.  of  Texas  Press. 

[3]  Pollack,  J.  B,  1979,  Icarus  37,  479-453.  [4]  Cess,  W.  G.,  Ramanathan, 

V.,  and  Owen,  T.,  1980,  Icarus  41,  159-165.  [5]  Fanale,  F.  P. , Salvail,  J. 
R. , Banerdt,  W.  B. , and  Saunders,  R.  S.,  1982,  Icarus  50,  381-407.  [6] 

Pollack,  J.  B.,  Kasting,  J.  F.,  Richardson,  S.  M.,  and  Poliakoff,  K. , 
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CLIMATIC  EFFECTS  OF  EPISODIC  RELEASE  OF  S02  ON  MARS 

S.E.  Postawko  and  F.P.  Fanale.  Planetary  Geosciences  Div.,  Univ.  of  Hawaii,  Honouu 

HI  96822. 


We  have  investigated  the  possibility  that  intense  episodic  magma-generating  events, 
such  as  fissure  flows  or  large  impacts,  might  have  caused 

Mars  Our  motivation  for  examining  episodic  climate  chang  y,  . 2 , t 

column  abundance  of  SO,  is  vastly  ZZZZZL 

S^SO^thraZ^ere'toTnly  on  the  order  of  a few  years,  as  opposed  to -the 
CO  MRT  of2'  107  years.  Therefore,  for  SO,  only  individual  episodes  of  unpac . and 
extrusion,  and  only  climatic  effects  of  episodic  (years)  duration,  are  relevant;  whereas 
CO  only  epochal  effects  are  of  importance. 

account  any  release  of  SO,  by  contact  «y.on  " "ve ten  estimated  as 

on  All ’Patera,  Mars  (Cattermole,  1986;  Baioga  et  al„ 

1987)ln  this  extended  study,  we  have  also  considered  the  release  of  SO, ^topact  melt 

^rThe  ^ 

“L  X 10°  km*  of  melt  if 

Oe  theZl  gTidient  is  ignored.  When  the  thermal  gradient  h hta  m ^ ^ount,  5.24  x 
,0«  to2  of  melt  is  ejected.  We  assume  1 wt.%  of  SO,  is  released  from  the  melt. 

Given  a 1 year  atmospheric  lifetime  of  SO,  (Settle,  1979),  and  using  the  above  supply 

rates  tTcan  calculate  the  steady-state  column  abundance  of  SO  F or  a ^ 

X 104  m3/s  and  a 1 year  lifetime,  the  steady-state  column  abundance  is  about  3.5  x 1 

/ 2 Tf  thTLem l flux  is  I06  m3/s,  the  column  abundance  of  SO,  is  approximately  6.9 

x^10Ti  e/cm2.  In  the  case  of  impact-released  SO,,  with  the  thermal  gradient  taken  into 

" • tViA  SO  is  "instantaneously " globally  distributed,  the  column 

account,  and  assuming  the  SO,  is  ^instantaneously  g j 

abundance  is  on  the  order  of  10  g/cm  . . • 

The  steady-state  column  abundance  of  SO,  is  put  into  a 1-dimens.onal  tadiatnre- 

convective  mo/el.  Because  of  uncertainty 

Droeram  for  various  surface  pressures  of  C02,  always  assum  g 2 

tie  atmosphere.  We  assume  that  SO,  is  globally  distributed  yd  well  muted  m tta  atmo- 
sphere. Although  this  may  not  be  strictly  correct,  .t  sets  a useful  lrnut  to  the  effect. 

In  the  case  of  volcanically  produced  SO,  surface  warming  of  up  to  +20  « ^ 

- have 
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generated  up  to  100  times  the  amount  of  S02  released  by  the  largest  suspected  fissure 
low,  initial  temperature  increases  would  have  been  substantially  greater,  but  would  have 
dropped  steadily  as  S02  continuously  disappeared  (by  whatever  mechanism). 

Although  epochal  variations  in  climate,  such  as  are  due  to  atmospheric  CO,  or  astro- 
nomical variations,  can  affect  the  deep  regolith,  the  thermal  skin  depth  directly  affected 
by  episodic  S02  fluctuations  is  only  1 - 2 meters.  Nonetheless,  the  effects  related  to 
episodic  sublimation  and  melting  of  available  surface  ice  could  be  significant.  In  addition 
long  term  climate  changes  by  C02  or  astronomical  variations  provide  a "baseline"  climate 
which  may  be  such  as  to  barely  allow  melting  at  the  equator.  If  so,  repeated  superim- 
posed episodic  excursions  in  climate  may  play  an  important  role  in  martian  weathering 
and  the  development  of  morphological  features. 
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IMPACT  INDUCED  DEVOLATILIZATION  OF  WATER  IN  SERPENTINE  AND 
METEORITES  AND  D/H  RATIO  IN  EVOLVING  PLANETARY  ATMOSPHERES 

James  A.  Tyburczy,  R.  V.  Krishnamurthy,  Samuel  Epstein,  and  Thomas  J.  Ahrens,  c!o 
Seismological  Laboratory  252-21,  California  Institute  of  Technology,  Pasadena,  CA  91125. 

We  have  continued  to  carry  out  impact  experiments  on  both  natural  serpentine  and  serpentine  in 
which  some  of  the  hydrogen  was  replaced  by  deuterium  because  most  of  the  water  contained  in 
carbonaceous  chondrites  (Cl)  meteorites  is  contained  in  serpentine-like  minerals.  We  are  also 
conducting  impact  experiments  on  Murchison  meteorite,  a primitive  carbonaceous  chondrite.  This 
serpentine  and  meteorite  material  is  widely  believed  to  be  similar  in  composition  to  the  planetesimals 
which  accreted  to  form  the  planets.  Upon  impact  with  the  surface  of  a growing  planet,  volatiles  are 
released  and  upon  reaction  with  the  metals  and  sulfides  control  the  oxidation  state  of  the  accreting 
planet  (Ringwood,  1979).  The  gas  itself,  contributes  to  the  atmosphere  of  the  planet  (Earth,  Venus, 
Mars,  and  Titan)  during  accretion  (Benlow  and  Meadows,  1977;  Arrhenius  et  al,  1974;  Lange  and 
Ahrens,  1982a). 

Lange  and  Ahrens  (1982b)  pointed  out  that  much  of  the  impact-induced  water  production  takes 
place  in  the  porous  regolith  of  the  accreting  planet.  The  results  of  such  experiments  (Lange  and 
Ahrens,  1982b)  have  been  used  to  calculate  the  evolution  of  an  early  water-rich  atmosphere  on  the 
earth.  Abe  and  Matsui  (1986)  and  Matsui  and  Abe  (1986a, b)  have  applied  our  experimental  data  to 
calculate  the  thermal  history  of  an  accreting  planet  taking  into  account  the  evolution  of  water  upon 
impact  devolatilization  and  its  subsequent  solution  in  a water-bearing  magma  ocean. 

We  have  conducted  a series  of  experiments  in  which  15  to  50  mg  samples  of  serpentine  D- 
enriched  serpentine  and  Murchison  meteorite  initially  held  in  10' 3 Torr  vacuum  tight  metal  container 
were  subjected  to  shock  pressures  in  the  5.0  to  7.7  GPa  range  approximately  corresponding  to 
planetesimal  infall  velocity  when  a silicate  planet  has  a radii  in  the  range  ~1000  to  1700  km. 

We  have  been  using  the  gas  recovery  method  (Boslough  et  al.  1981).  These  techniques  allow 
passage  of  impact-induced  shock  wave  into  a mineral  or  meteorite  sample  which  is  in  turn  inside  a gas 
tight  recovery  chamber.  The  sample  recovery  container  remains  gas  tight.  After  the  impact 
experiment,  the  recovery  chamber  is  transported  to  a gas  source  mass  spectrometer  laboratory  for 
major  element  gas  analysis. 

We  discovered  that  for  shock  pressures  near  the  point  of  incipient  devolatilization  (17  GPa) 
there  is  little  or  no  reduction  of  H2O  to  H2  in  the  shock-evolved  gases,  and  the  hydrogen  isotopic 
composition  of  the  gas  is  very  close  to  that  of  the  starting  material.  For  higher  shock  pressures,  where 
more  impact- induced  devolatilization  occurs  (Fig.  1),  the  bulk  evolved  gas  is  significantly  lower  in 
deuterium  than  the  starting  material  and  there  is  a significant  reduction  of  H2O  to  H2,  caused  by 
reaction  of  evolved  H2O  with  the  steel  container  (Fig.  2).  In  meteorites,  or  planetesimals,  more 
vigorous  reactions  should  occur  as  the  metal  and  sulfide  phases  are  more  intimately  mixed  with  the 
hydrous  phases.  Upon  reaction,  we  discovered  that  the  evolved  water  and  hydrogen  is  lighter 
(containing  less  deuterium)  than  the  bulk  initial  material. 

For  both  serpentine  and  Murchison  meteorites  the  relative  amount  of  D in  the  gas  relative  to  the 
solid  can  be  defined  by  the  fractionation  factor 

““  » gas' » solid 

This  is  shown  as  a function  of  shock  pressure  in  Fig.  3.  Two  experiments  conducted  on  a 
serpentine  sample  which  we  purposefully  enriched  in  D to  values  of  SDSMOW  = +667%o,  as 
compared  to  SDSMOW  = -77%c,  also  shown  on  even  greater  decrease  in  a than  the  ordinary 
serpentine  in  Fig.  3. 

Mass  balance  consideration  thus  indicates  that  as  a decreases  the  remaining  solid  (serpentine) 
is  enriched  in  D.  As  a planet  grows,  upon  complete  impact  vaporization  of  the  serpentine,  the  total  gas 
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evolved  should  again  have  the  bulk  D/H  ratio.  Thus  we  conclude  that  during  a portion  of  the  accretion 
period  of  a planet,  when  partial  devolatilization  occurs,  there  is  enhanced  production  of  D depleted  H2 
and  H2O.  We  expect  that  the  hydrogen  depleted  gas  will  escape  by  Jean's  loss  or  hydrodynamic 
escape.  Thus,  the  D/H  ratio  of  the  remaining  non-volatilized  (solid  planet)  material  will  increase  in  this 
regime  and  could,  by  this  process,  effect  D/H  ratios  of  the  total  planet  inventory.  In  the  case  of  Mars 
and  Venus  where  the  present  D/H  ratio  in  the  atmosphere  is  a factor  of  6 and  100  greater  than  earth,  or 
average  (bulk  carbonaceous  chondrite)  meteorite  values  , the  following  scenario  is  suggested  to  occur. 
During  the  period  of  accretion,  continued  impact  release  of  D-depleted  H2  and  H2O  to  the  atmosphere 
occurs.  Preferential  loss  of  H and  D relative  to  water  due  to  Jean's  escape  occurs.  Thus,  both  impact 
and  Jean's  loss  increase  the  relative  solid  planetary  inventory  of  D.  If  giant  impacts  occurred  late  in 
the  accretion  history,  these  may  have  removed  the  primordial  atmospheres  of  the  terrestrial  planets. 

We  account  for  the  present  high  ratios  of  D/H  on  Venus  and  Mars  by  initial  impact  accretion  of  the 
solid  planets  on  the  basis  of  post  accretional  volcanic  outgassing  of  H2O  which  is  D rich. 


Serpentine  Gas  Recovery 
H2/H20  versus  Shock  Pressure 


Initial  Shock  Pressure,  GP» 


Initial  Shock  Pressure,  GPa 

Fig.  1 . Impact-induced  water  loss  as  a 
function  of  initial  shock  pressure  for  20% 
porous  serpentine  (this  study)  and  nonporous 
serpentine.  Filled  squares,  solid  recovery 
method,  porous  serpentine;  open  squares, 
gas  recovery  method,  porous  serpentine; 
crosses,  solid  recovery  method,  nonporous 
serpentine.  Solid  line  empirical  fit  to  data  for 
porous  serpentine;  dashed  line,  empirical  fit 
to  data  for  nonporous  serpentine. 


Fig.  2.  Background  corrected  H2/H2O  ratio 
versus  initial  shock  pressure  Pinitial-  Solid 
line  is  empirical  linear  fit  to  data. 
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Fig.  3.  Bulk  gas-residual  solid  fractionation 

factor  abulk  gas-residue  versus  percent 
devolatilized.  Field  triangles,  Murchison; 
filled  squares,  serpentine;  open  squares, 
deuterium-enriched  serpentine.  Dashed  line 
is  polynomial  fit  to  the  data. 
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IMPACT  EROSION  OF  MARS'  ATMOSPHERE:  AN  ANALYTIC  MODEL 

H.  J.  Melosh  and  A.  M.  Vickery,  Lunar  and  Planetary  Laboratory,  University  of  Arizona. 
Tucson,  AZ  85721. 


Abundant  geomorphic  evidence  for  fluvial  processes  on  the  surface  of  Mars  suggests  that 
in  the  distant  past  Mars'  atmospheric  pressure  was  high  enough  that  liquid  water  was  stable  on 
the  surface.  Many  authors  have  proposed  mechanisms  by  which  Mars  could  have  lost  (or 
sequestered)  an  earlier,  thicker  atmosphere,  but  none  of  these  proposals  has  gained  general 
acceptance.  We  examine  here  the  possibility  that  the  vapor  plume  expanding  away  from  the 
crater  produced  by  a large,  fast  projectile  may  be  able  to  eject  a significant  portion  of  the 
Martian  atmosphere.  This  work  follows  in  the  wake  of  earlier  work  on  atmospheric  ejection  by 
ourselves  and  others  (1,2,3). 

Although  much  of  our  work  is  based  on  detailed  computer  modeling,  it  is  easy  to  construct 
a simple  analytic  model  of  atmospheric  erosion  due  to  impacts  that  seems  to  capture  most  of  the 
essentials  of  the  process.  Only  a few  basic  equations  are  needed  if  one  is  willing  to  overlook 
uncertainties  and  subtleties  that  could  change  the  results  by  a factors  of  the  order  2.  The  first 
essential  feature  for  atmospheric  erosion  to  occur  is  that  the  projectile  must  strike  the  planet 
with  enough  velocity  for  a vapor  plume  to  form.  Not  only  this,  but  the  plume  must  expand  at  a 
speed  faster  than  the  planets  escape  velocity,  vcsc.  A model  of  vapor  plume  expansion  (4) 
gives  the  mean  (mass  averaged)  velocity  of  expansion  as  [2(E-Hvap)]1/2,  where  E is  the  specific 
energy  of  the  shocked  projectile  and  target  material  and  Hvap  is  the  vaporization  energy,  taken 
here  to  be  13  MJ/kg  for  silicates  and  3 MJ/kg  for  ice.  The  maximum  expansion  velocity  of  the 
gas  cloud  is  approximately  a factor  2.8  times  faster  than  this,  so  use  of  the  mean  velocity  is  a 
conservative  assumption.  The  specific  energy  E is,  by  the  Hugoniot  equations,  equal  to  u2/2, 
where  u is  the  particle  velocity  behind  the  shock.  The  maximum  particle  velocity  u is  v!2, 
where  v is  the  impact  velocity,  by  the  planar  impact  approximation  when  both  target  and 

projectile  are  nearly  the  same  material,  so  E » v2/8.  The  minimum  impact  velocity  vmin  for 

most  of  a vapor  plume  to  exceed  escape  velocity  is  thus  given  by 


In  the  case  of  Mars  vmin  is  14.3  km/sec  for  silicate  impactors  and  11.1  km/sec  for  icy 


impactors.  These  minima  are  less  than  the  estimated  rms  impact  velocities  (5)  with  either 
asteroids  (19  km/sec),  periodic  comets  (21  km/sec),  or  parabolic  comets  (42  km/sec),  so  most 
current  Mars  impactors  are  capable  of  producing  vapor  plumes  that  exceed  escape  velocity. 
During  accretion  impact  velocities  were  undoubtably  lower  so  that  at  that  time  Mars  could  have 
accumulated  its  original  atmosphere. 

The  second  factor  in  estimating  whether  or  not  an  impact  can  remove  the  atmosphere  is  that 
the  mass  of  vapor  from  projectile  and  surrounding  vaporized  target  (if  any)  must  exceed  the 
airmass  m[p  above  the  plane  tangent  to  the  impact  if  the  vapor  plume  is  to  carry  away  the 

atmosphere.  This  relation  is  supported  by  our  more  detailed  numerical  studies  Thus  we 
insist 

4 7rP„ 


m > 


g f 


HR 


Where  m*  is  the  projectile  mass  just  capable  of  removing  the  atmosphere  above  the  tangent 
plane,  P0  is  the  surface  atmospheric  pressure,  g is  the  acceleration  of  gravity,  R is  the  radius  of 
the  planet,  and  H is  the  atmospheric  scale  height,  f is  a factor  that  accounts  for  vapor  produced 
from  the  target  adjacent  to  the  impact,  f = [l+(v/vmjn)16J.  f is  always  greater  than  1.  For 
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Mars  the  smallest  projectile  that  can  remove  the  entire  airmass  above  the  tangent  plane  is  thus 
about  4 x 1013  kg,  or  an  object  about  3 km  in  diameter.  Note  that  this  relation  d°es  not  take 
account  of  possible  enhanced  vaporization  in  oblique  impacts-such  an  angle-depend 
phenomenon  might  reduce  m*  by  a factor  of  perhaps  5. 

These  results  on  the  mass  of  the  projectile  necessary  to  remove  the  atmosphere  above  the 
tangent  plane  must  be  supplemented  with  information  on  the  flux  of  projectiles  to  compute  the 
evolution  of  atmospheric  pressure  with  time.  The  cumulative  flux  (number/sec/m*)  of 
projectiles  with  mass  greater  than  or  equal  to  m is  parameterized  by  Ncum(rn)=arn  , where  a 
and  b are  constants.  Unfortunately,  neither  the  over-all  flux,  a,  nor  the  slope  of  the 
distribution,  b,  are  well  known.  Shoemaker  (1987  pers.  commO  suggests .that  for  the ^moon  in 
the  post-late-heavy-bombardment  era  these  constants  are  a=l .26  x 10  (MRS  units)  and  b 
2/3  P However,  use  of  this  distribution  in  conjunction  with  the  revised  Schmidt-Holsapple 
scaling  relation  predicts  a distribution  of  lunar  craters  that  falls  too  steeply  with  increasing 
diamefer.  A better  pair  of  constants  that  predicts  the  correct  lunar  crater  distribution  is 
a-1  73  x 10'23  CMKS)  b=0  47.  The  slope  of  the  crater  distribution  on  the  Martian  plains  is 
die  same  as  the  lunar  distribution  (6),  while  the  overall  cratering  rate  on  Mars  at  present  is 
estimated  to  between  1 and  4 times  the  lunar  rate,  with  a preferred  mean  of  about  2 (5). 

Using  this  cratering  rate,  the  rate  of  mass  loss  from  a planet's  atmosphere  dMalm/dt  is  give 
by  the  flux  Ncum(mJ  of  projectiles  large  enough  to  remove  the  atmosphere  above  the  tangent 

plane,  times  the  planet's  surface  area  4nR2,  times  the  mass  above  the  tangent  plane 


mtp— Matm 


atm 


n(H/R)  for  R»H.  Since  m*  itself  depends  upon  Malm,  a simple  differential  equatio 
(or,  equivalently,  P)  results  whose  solution,  converted  to  a convenient  and  universal 


l/b 


for  M_ 
form,  is: 

P(t)  / t y 
“M^_  Po  ~ ^ 

Where  the  M0  is  the  present  (t=0)  atmospheric  mass,  P0  is  the  present  atmospheric 
pressure,  and  t*  is  the  length  of  time  required  for  impacts  to  reduce  the  atmospheric  pressure  to 

zero.  In  terms  of  previously  defined  quantities, 
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Note  that  the  above  equation  for  the  time  dependence  of  atmospheric  mass  or  pressure  can 
be  used  for  times  before  the  present  (t<0),  so  that  the  atmospheric  pressure  at  any  previous  era 
can  also  be  computed.  It  is  interesting  to  note  that  the  atmospheric  pressure  declines  rigorously 
to  zero  at  time  t+-it  does  not  simply  fall  exponentially  towards  zero.  This  interesting  fact  (first 
pointed  out  to  us  by  K.  Zahnle,  1988  pers.  comm.)  is  a unique  characteristic  of  the  impact 
erosion  mechanism.  As  the  atmospheric  pressure  declines,  smaller  projectiles  are  capable  o 
removing  the  atmosphere  above  the  tangent  plane.  But  by  the  distribution  law,  there  are  more 
smaller  projectiles  than  larger  ones,  so  a greater  fraction  of  the  atmosphere  is  removed  in  each 
unit  time  interval.  The  net  result  is  the  complete  stripping  of  the  atmosphere  after  time  t*. 

The  post-late-heavy-bombardment  flux,  along  with  other  parameters,  gives  a value  t*~10  to 
25  Gvr  for  Mars  at  the  present  time.  These  values  predict  an  atmospheric  pressure  at  the  end  of 
late  heavy  bombardment  (3.8  Gyr)  between  1.4  and  2 times  the  present  low  pressure  This 
would  just  marginally  permit  liquid  water  to  exist  over  much  of  the  surface  of  Mars,  but  the 
impact-driven  evolution  is  evidently  too  slow  to  effect  major  changes.  It  is  clear,  however,  t a 
atmospheric  loss  would  be  rapid  at  the  > 100  times  greater  impact  rates  characteristic  of  late 
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heavy  bombardment.  We  thus  conclude  that  impact  erosion  of  Mars'  atmosphere  could  exolain 
the  aPParent  rapid  dec  me  in  atmospheric  pressure  near  the  end  of  late  heavy  bombardment  but 
has  probably  not  greatly  affected  the  total  atmospheric  mass  since  then. 

vFckf£EEOS  «9(388VPm£  ShV w"!5®'  ?„7  <1987)'  (2>  R J'  Mclosh  a"d  A-  M. 

ctcery  bUi>  69,  388  (1988).  (3)  H.  G.  Watkins,  1983  MIT  PhD  Thesis.  (4)  H J Melosh 


436 


THE  MARTIAN  IMPACT  CRATERING  RECORD.  IU1S™  fL^7p^^LamS  3303nSa 
Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ  85721,  Lunar  and  Planetary  in 

Road  One,  Houston,  TX  77586. 

Impact  craters  occur  on  most  solid  objects  within  the  Solar  System  and  allow  determination  of  ^rrain  ages 
southern  hemisphere,  the  remaining  40%  is  lightly  cratered  and  concentrated  in  the  northern  hem  p • 

states  among  martian  craters  (1).  The  onset  ^meterotcen  j>  ^ ^ ^ ^ mercurian  counterparts 
crater  morphology  (6),  and  the  distribution  of  valley  networks. 

and  the  ages  of  the  surfaces  can  be  estimated. 

The  similarity  of  the  crater  size-frequency  distribution  curves  on  toner 
crate^o^rdation^^the'heat^y^^ered^W^Jadds  of  theMoon,  Mercu^,  and  Ma^ 

nf  ,atp  heaw  bombardment  that  ended  about  3.8  billion  years  ago  on  the  Moon.  The  size/rrequency 
more  frequent  on  Mars  by  a factor  of  about  7. 

Differences  in  shape  and  density  of  toe  crater  size-frequency  distoibudon  curves  ^usedto  determine 
40%  (most  of  the  northern  hemisphere)  date  from  post  heavy  bombardment  (18). 
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Absolute  chronologies  can  be  extrapolated  from  the  relative  chronologies  by  using  the  lunar  absolute  age 
versus  crater  density  relation  and  by  making  assumptions  about  the  intensity  and  temporal  dependence 
of  the  cratering  flux  at  Mars  compared  to  the  Moon.  Existing  martian  absolute  chronologies  assume  a 
temporal  distribution  of  the  cratering  flux  identical  to  the  smooth  curve  derived  for  the  Moon— high 
cratering  rates  prior  to  3.8  BY  ago,  decaying  exponentially  since  that  time  (19).  The  chronologies  vary 
in  their  estimates  of  the  crater  flux  intensity,  ranging  from  approximately  lunar  (19,20)  to  20  times  the 
lunar  rate  (21),  with  the  most  likely  value  being  twice  the  lunar  rate  (22).  Young  surface  features  thus 
show  considerable  range  in  age,  with  estimates  for  the  youngest  feature  (Olympus  Mons)  ranging  from 
3.3-0. 1 BY  ago.  Estimates  used  in  the  computation  of  these  absolute  chronologies  are  still  uncertain  and 
arguments  for  fluctuations  in  impact  flux  with  time  cause  even  greater  uncertainty  in  deriving  the  absolute 
ages  of  martian  surface  units  using  crater  analyses. 

Impact  craters  are  dominant  features  across  the  martian  surface  and  provide  a means  of  obtaining 
chronologic  information  which  can  be  used  to  constrain  the  geological  history  and  thermal  evolution  of 
Mars.  In  addition,  crater  morphology  provides  information  on  near-surface  properties  not  available  through 
other  remote  sensing  techniques.  Finally,  information  derived  from  the  crater  size-frequency  distribution 
curves  can  place  constraints  on  the  origins  of  the  impacting  objects. 
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CRATER  SATURATION  EQUILIBRIUM  IN  THE  SOLAR  SYSTEM:  NEV 

EVIDENCE  m 

V.  K.  Hartmann,  Planetary  Science  Institute,  Tucson  AZ  85719 

At  the  15th  LPSC  in  1984,  (and  Icarus,  60:56-74,  1984)  the 
writer  suggested  that  many  planet  and  satellite  surfaces  in  the 
solar  system  have  reached  a state  of  crater  saturation  equilibrium. 

At  this  crater  density,  further  impacts  make  new  craters,  but  old 
craters  are  obliterated,  especially  by  giant  basins  and  their  ejecta 
blankets.  Ejecta  may  drop  the  total  crater  density  below  the  mean 
saturation  level  in  parts  of  the  area,  at  diameters  corresponding  to 
depths  shallower  than  the  new  ejecta.  Thus,  once  saturation 
equilibrium  occurs  in  the  absence  of  endogenic  resurfacing,  the 
crater  diameter  distribution  evolves  its  D- dependent  structure,  as 
well  as  oscillating  around  the  mean  saturation  equilibrium  value 
with  time. 

Attempts  to  model  these  effects  by  numerical  simulation  have 
led  to  controversies  about  the  crater  density  level  corresponding  to 
saturation  equilibrium  curve  in  nature.  The  Voyager  team,  for 
example,  in  interpretations  of  outer  solar  system  satellite 
surfaces,  denies  saturation  equilibrium  and  assumes  that  all  craters 
ever  formed  can  be  counted.  Thus  they  translate  structure  in 
diameter  distributions  directly  into  structure  in  impactor 
populations.  This  conclusion  appears  internally  inconsistent  with 
their  simultaneous  conclusion  that  some  of  the  same  satellites  have 
been  hit  so  many  times  that  they  have  been  fragmented  and 
reassembled.  How  can  a satellite  such  as  Mimas  be  fragmented  and 
reassembled  from  impactors  without  attaining  a crater- saturated 
surface,  in  the  absence  of  any  apparent  endogenic  resurfacing 
events? 

The  Icarus  paper  showed  empirically  that  bodies  such  as  Mimas, 
Rhea,  Callisto,  the  moon,  Phobos,  and  Deimos  all  have  crater 
diameter  distributions  that  reach  maximum  densities  within  a factor 
two  or  three  of  the  curve 

log  Nhc  = -1.83  log  Dkm  - 1.33  (1) 

where  NnP  = incremental  no.  craters/km2  in  log  2 diameter  bins  and 

flv 

D = crater  diameter  (km) . It  was  noted  that  crater  counts  on  lunar 
maria  permit  a test  of  these  ideas.  They  show  three  well-known 
segments,  illustrated  with  data  from  Mare  Cognitum  in  Figure  1. 
Segment  A at  D > 4 km  is  attributed  to  primary  impact.  Segment  B, 
250  m < D < 4 km,  is  more  steeply  sloped  and  is  generally  attributed 
to  dominance  of  secondary  ejecta.  The  important  segment  in  this 
discussion  is  segment  C,  at  D < 250m,  which  rolls  over  to  shallower 
slope.  Segment  D is  the  crater  density  in  heavily  cratered  areas, 
i.e.  equation  (1).  The  important  point  is  that  segment  C appears  to 
flatten  near  the  level  of  equation  (1)  consistent  with  the 
hypothesis  that  crater  densities  in  nature  do  not  exceed  (1)  because 
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saturation  sets  in  at  that  point.  At  the  time  of  the  1984  work,  I 
had  mare  crater  counts  only  down  to  D ~ 62  m,  not  small  enough  to 
test  whether  the  flattening  really  persisted  to  small  D near 
equation  (1).  I proposed  that  a test  of  the  saturation  equilibrium 
hypothesis  would  be  to  see  if  the  flattening  (segment  C)  persists  to 
small  sizes,  and  in  particular  to  see  if  it  falls  near  equation  (1) , 
the  putative  empirical  saturation  equilibrium  level. 


Although  some  other  counts 
of  small  lunar  craters  have  been 
published,  it  is  important  in 
these  tests  to  use  a homogeneous 
data  set  by  one  author,  since 
different  authors  and  different 
techniques  (such  as  stereo 
viewing  by  some  authors)  may 
lead  to  different  detection 
limits  in  heavily  cratered 
terrain  where  rolling 
depressions  may  be  seen  as 
craters  by  some  authors  but  not 
others  (see  Lissauer,  Squyres, 
and  Hartmann,  these  abstracts). 

For  these  reasons  I have  begun 
some  new  counts  of  small  craters 
on  lunar  high  resolution  photos; 
these  are  added  to  my  older 
counts  obtained  by  the  same 
methods  during  the  last  22 
years. 

The  small  craters  relate  to  the  question  of  saturation 
equilibrium  through  the  pioneering  work  of  Shoemaker  (1966  Ranger 
VIII  and  IX  reports,  JPL  Tech.  Rep.  32-800;  1968  Surveyor  Final 
Report,  JPL  Tech.  Rep.  32-1265)  and  Gault  (1970,  Radio  Science 
5:273-291).  They  pointed  out  clearly  that  the  formation  of  the  mare 
regolitn  to  depths  of  the  order  of  tens  of  meters  implied  saturation 
cratering  up  to  diameters  sufficient  to  pulverize  lavas  to  that 
depth.  Indeed,  Gault  (Fig.  4)  drew  not  only  empirical  but 
theoretical  curves  showing  the  rollover  from  segments  B to  C due  to 
the  saturation  effect.  In  other  words,  they  showed  that  segment  C 
must  fall  along  a saturation  equilibrium  line. 


Cognirun  down  co  1 m 
diameoer . 


Figure  1 includes  my  new  results  on  the  position  of  segment  C. 

Crater  diameter  distributions  have  been  extended  down  to  D = 1 m by 

combining  lunar  Orbiter  photos  with  older  Ranger  impactor  photos. 
Two  important  conclusions  are  drawn.  (1)  The  craters  at  small  D do 

not  continue  upward  along  the  steep  segment  B slope,  but  flatten  to 
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a shallower  slope  along  segment  C.  (2)  Segment  C falls  roughly 
along  the  extension  of  segment  D,  i.e.  near  equation  (1),  which  I 
previously  identified  as  a hypothetical  saturation  equilibrium 
level.  These  results  confirm  Gault’s.  His  results  deserve  further 
attention  in  the  context  of  studies  of  heavily  cratered  surfaces, 
such  as  outer  planet  satellites. 

I conclude  that  this  supports  the  hypothesis  that  equation  (1) 
lies  close  to  an  empirical  saturation  equilibrium  level. 

Further  investigations  of  the  behavior  of  curves  in  intensely 
cratered  areas  thus  appear  warranted,  in  view  of  their  effect  on 
Voyager  and  other  interpretations,  though  present  study  has  been 
retarded  due  to  funding  cutbacks.  This  work  is  supported  through 
the  NASA  Planetary  Geology  and  Geophysics  Program. 
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FACTORS  CONTROLLING  IMPACT  EJECTA  EMPLACEMENT  ON  MARS;  P.H.  Schultz.  Dept. 
Geological  Sciences,  Brown  University,  Providence,  Rl  02912 

The  wide  variety  of  styles  of  ejecta  emplacement  around  impact  craters  on  Mars  may  hold  impor- 
tant clues  for  the  subsurface.  More  likely— and  equally  important— this  variety  may  reflect  the  relative 
roles  of  a wide  range  of  impactor.  target,  and  environmental  factors.  Most  studies  have  emphasized 
the  possible  role  of  buried,  unbound  water  owing  to  the  fluid-like  emplacement  style  (1.  2,  3).  me 
present  study  reviews  the  broader  set  of  variables  in  order  to:  explore  the  range  of  values  expected 
on  Mars'  examine  the  processes  controlled  by  each  variable  as  revealed  in  the  laboratory  or  by 
theoretical  considerations;  and  constrain  (if  not  test)  the  derived  predictions  in  the  cratering  record. 
Controlling  Variables:  Three  sets  of  variables  encompass  the  factors  affecting  the  style  of  ejecta 
emplacement:  impactor,  target,  and  environment.  Impactor  variables  include  velocity,  size,  ang®, 
and  composition.  Impact  velocity  (and  composition)  controls  the  amount  of  vaporization  and  melting 
(4,  5).  Equally  important,  however,  the  combination  of  impactor  velocity  and  size  controls  the  total 
kinetic  energy  within  the  vaporized  fraction  and  contributes  the  over-all  scale  of  the  event.  Impact 
vaporization  affects  early-time  coupling  with  the  atmosphere,  but  experiments  indicate  that  impact 
angle  also  plays  a pivotal  role:  not  only  in  the  amount  of  vaporization  but  also  in  the  degree  of  cou- 
pling with  the  atmosphere  due  to  containment  within  the  early-time  cavity  (5).  At  high  velocities  (>30 
km/s),  impactor  composition  becomes  less  important.  If,  however,  impacts  on  Mars  are  dominate 
by  low-velocity  (6-12  km/s)  objects  derived  from  the  asteroid  belt,  then  not  only  is  the  amount  of 
vaporization  reduced  but  also  the  interior  morphology  of  the  crater  may  be  different  (6) 

Principal  target  variables  include  composition,  ejecta  size  distribution,  and  presence  of  water  or 
water-ice.  Composition  refers  to  the  distinction  between  crystalline  and  sedimentary  targets  (even 
without  unbound  water)  that  on  the  earth  appears  to  affect  the  fate,  if  not  production  of  impact  melt 
(7)  The  distribution  of  ejecta  sizes  can  be  shown  to  be  one  of  the  primary  controlling  variables  due  to 
the  effect  of  air  drag  (8.  9).  Even  under  the  presently  low  atmospheric  densities  on  Mars,  sand-size 
ejecta  can  be  decelerated  to  terminal  velocities  provided  that  the  crater  is  large  enough  (large  elec- 
tion velocities).  While  there  is  ample  and  convincing  evidence  for  water  shaping  many  martian 
landforms  in  the  past,  this  may  be  only  one  of  many  variables  affecting  ejecta  emplacement. 

Gravity  and  atmospheric  pressure  (density)  are  the  primary  pre-impact  environmental  variab  es. 
Gravity  limits  the  growth  of  craters  formed  in  particulate  substrates  and  craters  larger  than  a certain 
size  (about  0 5 km  on  Mars)  formed  in  competent  substrates.  In  the  absence  of  an  atmosphere, 
gravity-limited  growth  necessarily  implies  that  the  distribution  of  ejecta  follows  as similar  power- -law 
decay  with  distance  from  the  rim  and  increases  in  absolute  thickness  as  (gR„)  (S.  10.  11).  Jhis 

geometric  similarity  further  requires  that  undeceierated  ballistic  ejecta  on  Mars  must  have  velocities 
0.65  and  1.6  times  those  on  the  Earth  and  Moon,  respectively,  in  order  to  arrive  at  the  same  scaled 
range  (e.g..  2 crater  radii).  For  the  same  size  ejecta,  the  effect  of  secondary  cratering  should  be  in 
the  same  proportion.  In  the  presence  of  an  atmosphere,  the  outward-moving  ejecta  curtain  creates 
a characteristic  airflow  (12)  affecting  ejecta  decelerated  by  air  drag  to  terminal  velocities.  Air  diag 
directly  scales  with  atmospheric  density  and  crater  diameter  but  inversely  with  gravity  and  ejecta 
size.  This  process  controls  not  only  the  ballistic  range  but  the  fraction  entrained  in  impact-generated 
airflow  (i.e..  wind),  which  scales  directly  with  the  square  root  of  gravity  and  crater  diameter. 
Laboratory  experiments  also  reveal  that  increased  entrainment  results  in  a systematic  increase  in 
complexity  of  the  ejecta  deposits  (13.  14):  ballistic  (no  entrainment):  to  contiguous  rampart;  to 
rampart  and  flow  lobe  morphology;  to  multiple  flow  lobes:  and  finally  to  radially  scoured  ejecta. 

The  atmosphere  also  plays  two  additional  important  roles.  First,  aerodynamic  forces  atomize 
ballistic  water  if  the  ejection  velocity  (i.e.,  crater  size)  is  sufficiently  large.  On  Mars,  these  velocities 
become  high  enough  at  late  stage  for  craters  larger  than  about  2 km.  Second,  the  finite  scale  height 
of  the  atmosphere  limits  the  role  of  air  drag  affecting  the  continuous  ejecta  to  crater  diameters 
generally  smaller  than  four  crater  diameters  (i.e..  about  50  km).  While  the  atmosphere  plays  an 
increasing  role  for  ejecta  emplacement  around  craters  larger  than  about  0.5  km  (sufficiently  arge 
velocities  but  small  ejecta),  such  effects  decrease  for  craters  larger  than  about  50  km  under  current 
atmospheric  conditions  due  to  the  fine  atmospheric  scale  height. 

Implications  for  Mars:  Not  only  does  a wide  variety  of  factors  affect  the  style  of  ejecta  emplacement 
but  also  different  processes  can  affect  different  elements  in  the  ejecta  sequence.  Crater  ejecta 
facies  can  be  divided  into  three  zones:  A near-rim  zone  within  about  one  crater  radius  (Zone  I):  the 
more  distant  continuous  ejecta  deposits  between  1R  and  3R  (Zone  II):  and  distal  ejecta  region  includ- 
ing the  discontinuous  ejecta  and  secondaries  beyond  about  3R  (Zone  III).  The  following  summary 
progresses  in  reverse  order. 
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The  presence  of  easily  released  volatiles  in  the  target  (carbonates)  has  been  observed  in  the 
laboratory  to  produce  a broad,  radially  scoured  Zone  III.  On  Mars,  the  best  preserved  craters  formed 
at  high  latitudes  exhibit  a scour  zone  extending  up  to  10  crater  radii  from  the  rim;  some  examples  also 
have  a faint  distal  lobe  at  the  outer  boundary  (5).  Older  craters  in  the  same  unit  at  the  same  latitude 
erode  in  a common  pattern  producing  an  outward-facing  ejecta  scarp.  This  distinctive  style  of 
emplacement  and  erosion  may  indicate  a volatile-rich  (not  necessarily  unbound  water)  unconfor- 
mable  surface  layer  (5).  While  secondary  impacts  surround  lunar  craters  larger  than  about  25  km  in 
Zone  III,  secondaries  are  absent  around  many  martian  craters  (15).  Such  examples  may  indicate 
either  a fine-grained  or  a water-saturated  target  where  ballistic  trajectories  have  been  changed  to 
non-ballistic,  ejecta  flows  expressed  in  Zone  II. 

The  variety  of  ejecta  emplacement  styles  in  Zone  II  reflects  a combination  of  target,  impactor,  and 
atmospheric  conditions  that  can  change  with  location  and  time.  Zone  II  ejecta  facies  result  from  two 
styles  of  emplacement:  direct  emplacement  controlled  by  airflow  patterns  modifying  the  ballistic 
ejecta  curtain;  and  non-ballistic  flow  resembling  a gravity-driven  basal  surge  evolving  from  thermally 
and  gas-lofted  debris.  In  general,  ejecta  mobility  in  Zone  II  should  increase  with  increasing  at- 
mospheric density  and  volatile  content  while  decreasing  with  in  increasing  in-situ  grain  size.  Volatile 
content  primarily  affects  mobility  by  the  degree  of  entrainment  and  comminution,  rather  than  directly 
lubricating  the  flow.  Attempts  to  isolate  the  atmosphere  from  substrate  effects  by  using  elevation 
alone  have  not  been  totally  successful  since  the  possible  range  (less  than  a factor  of  5)  in  at- 
mospheric density  at  any  given  time  can  be  far  outweighed  by  other  variables. 

Ejecta  facies  in  Zone  I reflect  modifying  processes  related  to  emplacement  of  ejecta  in  Zone  II  and 
post-emplacement  flow.  The  extent  of  the  inner  ejecta  lobe  (15.  16)  may  provide  the  best  indicator 
of  post-emplacement  mobility  due  to  lubricating  trapped  and  water  may  account  for  systematic, 
terrain-dependent  differences. 

With  this  perspective,  different  styles  of  emplacement  and  different  degrees  or  inferred  ejecta 
mobility  need  not  indicate  buried,  unbound  water.  Contrasting  erosiona!  states  of  surfaces  post- 
dating the  period  of  heavy  bombardment  and  the  evidence  for  widespread  debris  mantles  (17,  18) 
indicate  that  atmospherically  transported  material  has  played  an  important  role  on  Mars  to  significant 
depths,  particularly  in  regions  poleward  of  45°  in  recent  time.  Such  surface/subsurface  materials 
over  broad  regions  already  have  been  pre-sorted  to  sizes  characterizing  concurrent  aeolian 
transport;  hence,  aerodynamic  effects  on  ejecta  emplacement  will  be  important.  Conversely,  the 
style  of  post-impact  erosion  of  ejecta  facies  provides  a sensitive  indicator  of  size  distribution.  This 
approach  reveals  that  contiguous  ejecta  ramparts  are  relatively  stable  over  time,  whereas  ejecta  flow 
lobes  are  particularly  vulnerable  to  erosion.  Contiguous  ramparts,  therefore,  are  believed  to  indicate 
ejecta  dominated  by  coarse  debris  mixed  with  fine  ejecta,  whereas  ejecta  flow  lobes  are  dominated 
by  fine  debris  vulnerable  to  present  aeolian  erosion.  Hence,  a dependence  between  latitude  and 
mobility  of  Zone  II  ejecta  may  not  be  a unique  indicator  of  subsurface  water  but  simply  reflect  the 
importance  of  pole-controlled  airfall  deposits.  The  specific  morphology  of  Zone  I ejecta  may  be  the 
more  relevant  diagnostic  indicator  of  subsurface  water.  While  most  studies  emphasize  broad  statisti- 
cal similarities  among  craters,  it  is  important  to  recognize  that  dramatically  different  ejecta  mor- 
phologies exist  on  Mars  within  100  km  (the  same  lithology,  latitude,  and  elevation).  Changes  in  both 
volatile  content  or  atmospheric  pressure  (factor  of  5-10)  must  be  invoked  to  account  for  such  occur- 
rences. 
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CRATER  SCALING,  CALCULATIONS  WITH  VARIABLE  GRAVITY, 
AND  CRUSTAL  STRENGTH 

John  D.  O'Keefe  and  Thomas  J.  Ahrens,  Seismological  Laboratory  252-21 , 
California  Institute  of  Technology,  Pasadena,  CA  91125. 


In  order  to  examine  the  impact  scaling  relation  for  the  maximum  depths  of  projectile 
penetration  of  excavation  and  impact  volatilization  as  well  as  the  evolution  of  impact  crater 
geometry  we  have  been  examining  crater  flows  over  a wide  range  of  gravity,  ge,  and 
crustal  strength,  Y.  Here  U is  projectile  velocity. 

We  show  in  Fig.  1 how  consistently  our  present  calculations  scale  over  a gravity 
range  of  1 to  10^  ge  from  zero  strength  to  very  high  values  in  the  context  of  the  three 
regimes  (early,  intermediate  and  late  times)  proposed  by  Holsapple  and  Schmidt  (1987). 

Fig.  1 is  unique  because  it  shows  that  the  transition  from  simple  to  complex  (e.g. 
multiring)  crater  occurs  at  the  onset  of  the  late  time  regime.  This  can  occur  immediately 
after  the  early  time  regime,  e.g.  no  strength  and  106  ge,  or  at  later  times  (e.g.  104  ge  and 
0.3  kb  strength).  Because  of  gravity  scaling,  the  curve  for  10^  ge  and  a=5  m radius 
projectile,  is  equivalent  to  a=5000  km  radius,  and  impact  at  1 gc.  The  coupling  parameter. 


|i,  for  a crater  depth,  D,  is  given  as 


D = k a 


p/O+P) 

(^) 


(D 

Here  k is  an  empirical  constant.  If  S = 0.38,  the  slope  in  the  log  (D/a)  - log  (Ut/a)  plane  in 
the  intermediate  regime,  then 

|i  = S / (1-S)  = 0.58. 

If  we  just  examine  the  effect  of  size  at  fixed  gravity  and  impact  velocity,  it  appears 
that  rebound  occurs  early  (Ut/a  = 4.0)  for  impactors  with  a radius  of  50  km  (small 
diamond  symbols)  whereas  for  500  m radius  impactors  rebound  occurs  much  later  (Ut/a  = 
50).  The  effect  of  differing  rebounds  observed  upon  varying  the  crustal  strength,  Y,  is 
demonstrated  in  the  plot  of  normalized  crater  depth,  D,  versus  normalized  time  of  Fig.  2. 

In  Fig.  3 we  summarize  the  calculational  results  for  varying  strength,  gravity,  and  velocity 
for  impacts  at  speeds  of  12  km/sec  or  less  where  impact  vaporization  does  not  affect 
penetration  depth,  D.  In  the  left  side  of  the  figure  the  maximum  depth  of  penetration  is 
independent  of  g for  a given  strength  and  impact  velocity.  As  gravity  or  radius  of  the 
impactor  increases,  or  impact  velocity  decreases,  the  final  crater  will  lie  along  the  line 
specified  by: 

D/a  = Kg  (ga/U2)'0-22  (2) 

Here  -0.22  = -a/3  in  the  notation  of  Holsapple  and  Schmidt.  Thus  Fig.  3 demonstrates  the 
transition  between  strength  and  gravity  controlled  cratering.  Strength  dependent  scaling 
from  our  calculations  gives 


D/a  = Ks(Y/pU2)-0185  (3) 

Taking  the  ratios  of  Eqs.  2 to  3 yield  for  the  normalized  transition  diameter 
Dt  = (Kg/Ks)3/a  Y/pg  (4) 

using  the  relation,  a = 3 (i  / (2+p)  and  (3  = 3a/(3-a). 

For  viscosity,  rj,  crater  scaling 

D/a  = Kv  (ri/pUa)-Y/3  (5) 
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where  y = 3(i/(l-(i)  and  Ky  is  a constant.  Then  the  transition  diameter  between  viscosity 
and  strength  scaling  Eqs.  (3  and  5)  is 


KT  = Kv(Kg/Kv)(a+3/“+1',g^Ir) 

= Kv  g"1/3  (6) 

Thus  we  find  that  the  transition  diameter  for  simple  to  complex  craters  for  the  terrestrial 
planets  from  Eq.  (4),  assuming  a constant  value  of  Y and  p,  goes  as  1/g  (Fig.  4).  In  the 

case  of  the  icy  satellites,  the  transition  diameter  varies  between  g~l  and  g-1/3  (Fig.  4),  the 
latter  is  for  the  purely  viscous  case  (Eq.  6). 
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Fig.  1.  Crater  penetration  depth,  D,  normalized  by  projectile  radius,  a,  versus,  normalized 
time  for  various  gravities,  g,  relative  to  the  earth  and  different  crustal  strengths,  Y.  Early 
(slope  = 1),  intermediate  (slope,  S = 0.37),  and  late  time  regimes  indicated.  Trajectories  for 
different  gravities  for  5 m radius,  12  krn/sec  silicate  impactors  are  indicated.  Three 
calculations  at  zero  gravity  for  impacts  at  10,  50,  and  100  km/sec  are  from  Holsapple  and 
Schmidt  (1987).  HS  and  LS  indicate  crustal  strengths  of  0.3  and  3 kbar. 
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Fig.  2.  Normalized  crater 
penetration  depth,  D/a,  versus 
normalized  time  for  12  km/sec 
impact  of  5 m radius  projectile, 
earth  gravity  and  crustal  strengths, 
Y,  of  5.6,  28,  and  140  kbar. 
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Fig.  3.  Normalized  crater 
penetration  depth  versus  gravity 
scaling  parameter  showing  regimes 
for  strength  and  gravity  scaling. 
Same  abbreviations  as  in  Fig.  1 . 


SIMPLE  TO  COMPLEX  CRATER  TRANSITION 


Fig.  4.  Simple  to  complex  crater 
transition  diameter  versus  planetary 
gravity  for  terrestrial  planets  and  icy 
satellites  (modified  from  Schenk, 
1988). 
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MULTI-RING  BASINS  ON  MARS:  GEOLOGY.  STRUCTURE.  AND 

STATISTICS.  Richard  A.  Schultz  and  Herbert  V.  Frey.  NASA  Goddard  Space  Flight 
Center.  Greenbelt,  MD  20771. 

Multi-ring  basins  define  the  fundamental  tectonic  framework  upon  which 
subsequent  geologic  and  geophysical  processes  of  many  planets  and  satellites  are 
superimposed.  For  example,  most  volcanic  and  tectonic  activity  on  the  Moon  was 
localized  by  pre-existing  impact  basins  [1].  Control  of  volcanism,  tectonics,  erosion, 
and  perhaps  even  volatile  dynamics  on  Mars  by  multi-ring  basins  can  be  discerned  in 
many  areas  [2]  even  though  endogenic  processes  were  quite  vigorous  over  the 
planet's  history.  On  the  other  hand,  the  family  of  impacting  objects  that  produced 
these  impact  basins  probably  is  related  to  planetary  accretion  [3],  and  size-frequency 
characteristics  of  impactor  populations  can  be  estimated  given  an  accurate  inventory 
of  impact  craters  and  basins  [4 J.  Thus  the  record  of  large  impact  structures  on 
Mars  provides  a fundamental  link  between  the  planet’s  accretion  and  its  later 
development. 

We  have  compiled  and  evaluated  available  data  on  large  martian  impact  basins 
[5]  using  the  new  1:15  milion  scale  geologic  maps  of  Mars  [6]  and  revised  global 
topography  [7]  as  base  maps.  Published  center  coordinates  and  ring  diameters  of 
martian  basins  were  plotted  by  computer  and  superimposed  onto  the  base  maps.  In 
many  cases  we  had  to  adjust  basin  centers  or  ring  diameters  or  both  to  achieve  a 
better  fit  to  the  revised  maps.  We  also  found  that  additional  basins  can  explain 
subcircular  topographic  lows  as  well  as  map  patterns  of  old  Noachian  materials, 
volcanic  plains  units,  and  channels  in  the  Tharsis  region  [8]. 

Smaller  impact  basins  on  Mars  such  as  Ladon  (D  = 975  km)  are  comparable 
dimensionally,,  morphologically,  and  structurally  to  Orientale  (D  = 930  km)  on  the 
Moon.  Additional  concentric  patterns  of  channels  and  structures  can  be  developed 
around  such  basins  in  volcanically  or  tectonically  active  regions.  In  contrast,  larger 
basins  such  as  Isidis,  Argyre,  and  Hellas  typically  show  a rugged,  blocky  annulus 
with  concentric  grabens  surrounding  a central  depression.  Still  larger  structures  show 
either  multiple  rings  reminiscent  of  Valhalla  on  Callisto  (Chryse)  or  persistent 
depressions  surrounded  by  poorly  expressed  concentric  structure  (Elysium  [9],  Utopia 
[10]).  Orientale-type  morphology  can  be  recognized  only  for  martian  basins  smaller 
than  Argyre  (D  = 1850  km). 

R-plots  of  basin  diameters  show  that  the  martian  multi-ring  basin  population 
dovetails  into  the  smaller  crater  population  [11]  near  500  km  diameter.  Relative 
abundance  of  basins  >1000  km  diameter  is  comparable  on  Mars  and  the  Moon, 
perhaps  suggesting  an  inner  solar  system  source  for  the  larger  impactors  [e.g.,  [4])! 
R-plots  normalized  to  a D-2  production  function  (instead  of  D-3)  and  least  squares 
fit  to  cumulative  frequency  data  both  indicate  that  basins  follow  a shallow  production 
function.  Basins  500  to  1500  km  show  the  characteristic  Orientale  morphology  and 
a best-fit  slope  of  D-0.8.  Basins  larger  than  Argyre  define  a D-1.9  slope. 

These  results  suggest  a transition  in  basin  morphology  or  structure  and 
steepening  of  cumulative-frequency  slope  between  1500  and  1850  km  diameter. 
Morphologic  changes  might  reflect  interactions  of  large  impacts  with  relatively  thin 
lithosphere  [12]  or  spherical  target  geometry  [13].  Thus.  Orientale  morphology  may 
not  scale  linearly  to  the  largest  diameters  on  Mars.  The  cause  of  the  slope  change 
is  not  yet  clear.  Formation  of  large  multi-ring  basins  on  early  Mars  may  be  more 
analogous  mechanically  to  impacts  on  icy  satellites  (e.g.,  [12])  than  to  late  forming 
lunar  basins. 
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OVERLAPPING  LARGE  IMPACTS  AND  THE  ORIGIN  OF  THE  NORTHERN  LOWLANDS  OF 
MARS;  Herbert  Frey  and  Richard  Schultz,  Goddard  Space  Flight  Center,  Greenbclt  MD 
20771. 


An  important  observation  to  be  explained  by  any  successful  theory  of  the 

origin  of  the  martian  crustal  dichotomy  is  the  topographic  dichotomy;  i.e.,  much  (but 
not  all)  of  the  northern  hemisphere  lies  several  km  below  the  majority  of  the 
southern  hemisphere.  The  actual  topography  of  Mars  is,  however,  not  as  simple  as  the 
above  statement  might  appear  to  suggest.  The  northern  hemisphere  topography  is 
complex,  with  several  km  of  variability  superimposed  on  the  overall  "lowness”  of  the 
north.  Prominant  in  this  variation  is  the  highstanding  region  which  includes  the 
Elysium  volcanic  complex,  and  the  relic  cratered  terrain  immediately  , to  the  east. 

These  characteristics  alone  make  the  origin  of  the  northern  lowlands  by  a single 
giant  impact  (1)  unlikely.  An  alternative  model,  that  the  crustal  dichotomy  was  the 
result  of  overlapping  large  impact  basins  (2,3,4)  is  more  successful  in  explaining  the 
observed  topography  and  its  variations. 

We  describe  a model  for  the  origin  of  the  northern  lowlands  in  eastern  Mars 

and  their  relation  to  the  overlap  of  two  large  impact  basins.  Schultz  (5)  and  McGill  (6) 
have  suggested  an  Elysium  Basin  and  a Utopia  Basin,  respectively,  which  together 
dominant  the  topography  of  the  northern  plains.  Our  own  independent  assessment  of 
large  impact  basins  on  Mars  (3,4)  supports  the  existence  of  these  two  impact  basins, 
but  we  disagree  with  McGill  (6)  on  the  choice  of  diameter  for  the  Utopia  Basin.  Using 
the  smaller  lunar  Orientale  Basin  as  a model,  we  suggest  that  the  diameter  of  the 

Utopia  Basin  is  about  4750  km,  with  the  rim  lying  along  part  of  the  highland/lowland 
boundary  between  240  and  290°  W.  The  rim  of  the  Elysium  Basin  (D  = 4970  km)  lies 
along  this  same  boundary  from  180  to  240°  W;  together  these  two  better  mark  the 
highland/lowland  boundary  (3,4)  than  does  the  Borealis  Basin  (1). 

Figure  1 shows  these  two  basins  in  a rectangular,  equal  area  projection 

centered  on  the  Utopia  Basin.  Note  the  large  amount  of  overlap  between  the  two 
largest  basins;  it  is  in  this  region  of  overlap  that  the  central  volcanoes  of  Elysium  and 
the  youngest,  Amazonian  age  Elysium  volcanic  flows  (7)  lie.  This  is  one  of  the  highest 
areas  within  the  northern  lowland  plains  (8);  explaining  this  highstanding  volcanic 

complex  is  important  for  any  model  of  the  origin  of  the  northern  lowlands.  Due  east 

and  due  west  of  the  elevated  region,  the  lowlands  drop  to  -3  km  where  the  Arcadia 
Basin  and  the  Utopia  Basin  overlap  the  Elysium  Basin  (Figure  1).  Our  model  provides  at 
least  a qualitative  explanation  for  these  highs  and  lows,  and  also  explains  why  the  rim 
portions  of  the  Utopia  and  Elysium  Basins  lie  several  km  below  much  of  the  southern 
hemisphere. 

The  model  is  illustrated  in  Figure  2 with  on  important  geometrical  aspect  not 
shown:  impact  basins  with  D^  5000  km  stretch  for  nearly  one  quarter  the 

circumference  of  Mars.  In  the  interest  of  simplicity  we  have  ignored  the  curvature  of 
the  martain  surface  (A);  this  may  be  important  for  quantitative  models  of  long-term 
thermal  and  mechanical  evolution  of  overlapping  impact  basins  of  this  size. 

The  first  major  event  in  the  region  was  the  impact  that  produced  the  Elysium 
Basin  (B).  Because  no  viable  scaling  relations  from  an  Orientale-size  impact  to  the  size 

of  the  Elysium  Basin  exist,  we  have  not  included  a vertical  scale.  Perhaps  the  original 

basin  was  10  km  deep;  whatever  the  true  depth,  Figure  2 has  great  vertical 

exaggeration  in  order  to  show  the  subsequent  evolution.  In  addition  to  forming  a 
large  and  deep  basin,  the  impact  also  badly  fractures  the  lithosphere  to  great  depth 

and  deposits  a great  deal  of  heat  (horizontal  bars)  (9).  Again  the  lack  of  scaling 

relations  (especially  for  energy  partition)  prevents  us  from  being  more  quantitative. 
Over  time  the  basin  topography  will  even  out  (C)  due  to  viscous  relaxation  (10).  In  an 
earlier,  hotter  Mars,  volcanism  will  probably  accompany  the  uplift.  The  Utopia  Basin 
impact  (D)  occurs  sometime  later,  significantly  altering  the  original  Elysium  Basin 
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structure  on  its  western  side  (Figures  1,  2D),  again  fracturing  the  lithosphere  and 
depositing  heat  (vertical  bars).  In  the  overlap  region  between  the  two  basins  these 
effects  are  multiplied  and  the  lithosphere  becomes  weakest  and  hottest.  This  weakened 
region  will  later  become  the  site  of  the  prolonged  Elysium  volcanism. 

Volcanic  flooding  of  the  combined  basins  will  continue  (E),  but  volcanism  will 
likely  become  concentrated  in  the  overlap  region  where  the  weakened  lithosphere  is 

most  easily  penetrated  (F).  Loading  of  the  basin  by  volcanics,  combined  with  thermal 
subsidence  as  the  impact-deposited  heat  is  lost  (9),  will  reverse  the  relaxation  of  the 
basin,  leading  to  subsidence  and  perhaps  significant  downwarping  over  even  larger 

areas.  In  this  way  the  basin  rim  areas  may  also  be  lowered  such  that  they  ultimately 

lie  below  the  original  pre-impact  surface  level  (G).  Over  time  the  basin-volcanics 

decline,  subsidence  slows,  but  construction  of  Elysium  continues  (H)  due  to  prolonged, 
enhanced  volcanism  in  the  overlap  region  between  the  basins,  finally  producing  the 
central  volcanic  constructs  which  lie  there. 
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FIGURE  2.  Model  for  origin  of  northe 
lowlands  on  Mars. 
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THE  CRATERING  RECORD  OF  GANYMEDE  AND  CALLISTO:  EVIDENCE  FOR  THE 
CHARACTER  OF  THE  CRATER-FORMING  IMPACTOR  POPULATIONS  Scott  L. 
Mure  hie  and  James  W.  Head,  Dept,  of  Geological  Sciences,  Brown  University,  Providence,  RI; 
Jeffrey  B.  Plescia,  National  Aeronautics  and  Space  Administration,  Washington,  D.C. 

Introduction.  Impact  craters  observed  on  the  surfaces  of  Ganymede  and  Callisto  [1,2] 
were  ormed  by  bombardment  of  these  satellites  by  some  mixture  of  heliocentric  impactors  in 
solar  orbit  and  planetocentric  impactors  in  Jovian  orbit.  The  relative  importance  of  the  two 
impactor  populations  is  a controversial  question  [e.g.  3, 4, 5, 6,7,8]  with  important  implications 
foi  the  use  of  crater  densities  as  age  measures  of  Ganymedean  and  Callistoan  surfaces.  For 
example,  planetocentric  impactors  would  bombard  all  longitudes  approximately  equally  on 
eit  ei  satellite;  heliocentric  impactors  would  bombard  the  leading  hemispheres  more  heavily, 
producing  a ratio  of  the  cratering  rate  at  the  leading  edge  to  that  at  the  trailing  edge  (§)  in 
the  range  of  6-20  [3].  Thus,  on  either  satellite,  densities  on  different  surfaces  of  craters 
formed  by  planetocentric  impactors  are  directly  related  to  the  surfaces’  relative  ages.  In 
contrast,  densities  of  craters  formed  by  heliocentric  impactors  require  both  assumption  of  a 
value  for  $ and  normalization  to  a standard  distance  from  the  leading  edge  (i.e.,  90°)  in  order 
to  be  used  as  relative  age  indicators.  In  this  abstract  we  summarize  evidence  for  the 
character  of  the  impactor  populations  that  cratered  Ganymede  and  Callisto.  We  begin  by 
evaluating  the  evidence  previously  used  to  support  models  of  planetocentric  or  heliocentric 
bombardment,  and  we  then  introduce  new  evidence  that  cratering  of  Ganymede  was 
ominated  bv  a single  heliocentric  population.  Finally,  we  summarize  implications  of  these 
results  for  the  use  of  crater  densities  as  age  measures  of  Ganymedean  surfaces.  Information 
in  this  abstract  has  also  been  presented  in  detail  by  Murchie  et  al . [9]. 

Previous  observations.  Leading  edge/trailing  edge  density  gradients  found  for  several 
classes  of  craters  have  been  interpreted  as  evidence  of  a heliocentric  crater-forming 
bombardment  [e.g.  8,10],  whereas  failure  to  observe  such  a gradient  has  been  interpreted  as 
evidence  of  a planetocentric  bombardment  [e.g.  8],  Both  interpretations  are  based  on  the 
implicit  assumption  of  spatially  uniform  crater  retention  times.  In  general,  leading 
edge/traihng  edge  density  gradients  are  exhibited  by  larger  craters  and  younger  crater 
deposits:  >60-km  craters  on  Callisto  [10];  >30-km  craters  on  Ganymede  in  both  light  and 
dark  terrains;  and  bright  ejecta  deposits  on  Ganymede  [9]  and  Callisto  [10].  Conflicting 
results  are  reported  for  smaller  craters:  Croft  and  Duxbury  [8]  report  no  significant  gradient 
tor  10-  to  20-km  craters  in  certain  areas  of  light  and  dark  terrains  on  Ganymede,  whereas 
Bianchi  et  al.  [11]  report  greater  densities  of  small  light  terrain  craters  close  to  the  leading 
edge  and  Murchie  et  al.  [9]  report  the  same  for  small  dark  terrain  craters.  Croft  and 
Duxbury  also  report  no  gradient  for  Callistoan  craters  > 10-km  in  diameter;  given  that  a 
gradient  does  occur  for  >60-km  craters  [10],  the  subset  of  Callistoan  craters  lacking  a 
gradient  is  those  10-60  km  in  diameter. 

For  each  of  Ganymede  and  Callisto,  there  are  two  plausible  explanations  that  reconcile 
the  presence  of  a leading  edge/trailing  edge  density  gradient  for  large  and  young  craters  with 
the  lack  of  a gradient  for  small  older  craters.  First,  heliocentric  bombardment  continuing  to 
the  piesent  time  has  dominated  formation  of  large  and  young  craters,  but  an  early  period  of 
planetocentric  bombardment  formed  most  of  the  smaller  craters  [cf.  8],  Second,  both  large 
and  small  craters  were  formed  by  heliocentric  impactors,  but  the  density  gradient  for  small 
craters  has  been  obscured  in  many  localities  by  non-synchronous  emplacement  of  resurfacing 
materials,  such  as  those  occurring  on  Ganymede  in  both  light  terrain  [e.g.  1,2,9,11,12]  and 
dark  terrain  [e.g.  4,9,13].  In  this  interpretation  the  gradient  is  expressed  by  larger  old 
craters  because  these  were  less  efficiently  buried  by  resurfacing,  and  by  younger  craters 
because  these  postdate  resurfacing.  These  alternate  explanations  are  now  tested. 
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New  observations.  Our  crater-density  measurements  for  Ganymede’s  dark  terrain  [91 
were  used  to  provide  two  types  of  evidence  for  the  character  of  that  satellite  s crater-foi  ming 
bombardment,  neither  of  which  assumes  spatially  uniform  crater  retention  times. 

First  we  identified  pairs  of  dark  terrain  surfaces  whose  stratigraphic  age  relations  are 
apparent  but  which  are  located  at  different  distances  from  the  leading  edge.  Measured  and 
normalized  crater  densities  (assumed  5 = 15)  were  then  compared  with  the  stratigraphic 
relations  to  test  the  planetocentric  and  heliocentric  bombardment  models,  respectively  (Figure 
1)  Three  pairs  of  surfaces  have  clear  age  relations:  furrowed  terrain  m southeastern 

Nicholson  Regio  and  superposed  dark  smooth  material  in  northwestern  Nicholson  Regio; 
furrowed  terrain  of  northwestern  Marius  Regio  and  superposed  dark  smooth  material  of  east- 
central  Marius  Regio;  and  furrowed  terrain  of  western  Galileo  Regio  and  superposed  dark 
smooth  material  of  southern  Galileo  Regio.  The  fourth  pair  consists  of  furrowed  terrain  of 
northwestern  Marius  Regio  and  the  terrain  of  eastern  Marius  Regio:  the  latter  strongly 
resembles  the  smooth  material  of  east-central  Marius  Regio,  and  is  also  interpreted  to  have 
formed  by  resurfacing  of  terrain  analogous  to  that  of  northwestern  Marius  Regio.  The  fifth 
pair  consists  of  northwestern  Nicholson  Regio  and  western  Galileo  Regio.  Northwestern 
Nicholson  possesses  furrows  belonging  to  the  concentrically  arranged  system  which  extends 
across  the  sub-Jovian  hemisphere  out  to  an  angular  distance  of  more  than  110  of  aic  from 
its  center  of  curvature  at  60°N,50°W  [14],  and  is  the  least  cratered  surface  to  exhibit  these 
furrows  Galileo  Regio  is  located  only  30°-90°  of  arc  from  the  center  of  curvature  but  it 
contains  no  furrows  belonging  to  the  sub-Jovian  system:  rather,  it  contains  furrows  belonging 
to  a distinct  crosscutting  system  [14].  We  therefore  interpret  the  surface  of  Galileo  Regio  to 
have  a lesser  age  than  the  younger  furrowed  surfaces  in  the  sub-Jovian  hemisphere. 
Measured  and  normalized  crater  densities  for  the  Five  pairs  of  surfaces  are  illustrated  in 
Figure  1,  where  the  older  member  of  each  pair  is  designated  "1"  and  the  younger  member 
"2  " Lower  plots  are  densities  of  craters  >20  km  in  diameter;  upper  plots  show,  densities  of 
> 10-km  craters,  which  would  not  require  such  thick  resurfacing  to  be  reset.  . easure 
crater  densities,  which  would  indicate  relative  surface  ages  if  the  crater-forming 
bombardment  had  been  planetocentric,  are  not  always  consistent  with  stratigraphic  relations, 
but  the  normalized  densities  consistently  are.  We  interpret  this  result  as  evidence  that  the 
impactor  population  which  cratered  Ganymede’s  dark  terrain  was  dominantly  heliocentric. 

Second,  we  tested  for  bombardment  of  Ganymede  and  Calhsto  by  a second,  distinctive 
impactor  population  by  assessing  spatial  and  temporal  variability  of  crater  production 
functions.  Four  of  ten  dark  terrain  areas  that  we  measured  exhibit  neither  a depleted  density 
of  small  craters  nor  morphologic  evidence  for  significant  resurfacing  since  crater  formation, 
and  are  interpreted  to  be  in  production.  Log  (R)  values  for  <40-km  craters  in  these  areas  are 
listed  in  Table  1.  If  bombardment  by  heliocentric  and  planetocentric  populations  with  distinct 
size-frequencv  distributions  had  occurred,  there  would  be  a leading  edge/trailing  edge  gradient 
in  the  shapes  of  the  production  functions.  No  such  gradient  is  observed,  suggesting  the 
predominance  of  a single  impactor  population.  Independent  measurements  of  log  (R)  for 
undegraded  craters  in  dark  terrain  and  light  terrain  [4]  reveal  very  similar  size  distributions 
of  log  (R)  that  resemble  in  shape  the  production  functions  we  measured  (Table  1),  suggesting 
that  both  terrains  were  cratered  by  the  same  heliocentric  population. 

Callisto’s  surface  is  more  heavily  cratered  than  is  Ganymede’s,  at  least  by  craters 
<40-60  km  in  diameter  [4,5],  and  is  therefore  most  probably  older.  Calhsto  s crater  size- 
frequency  distribution  is  similar  in  shape  to  Ganymede’s  for  >40-  to  60-km  craters,  but 
smaller  craters  are  more  abundant  than  on  Ganymede  and  the  shape  of  their  size-frequency 
distribution  is  much  "natter"  (Table  1).  This  difference  may  result  from  saturation  of  small 
craters  on  Callisto,  or  from  the  presence  on  Callisto  of  craters  formed  by  a planetocentric 
population  rich  in  small  bodies  (as  suggested  by  Croft  and  Duxbury  [8])  that  had  become 
extinct  before  formation  of  Ganymede’s  presently  observed  surface. 
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Conclusions  and  implications . The  observed  surface  of  Ganymede  has  been  cratered 
predominantly  by  a single,  heliocentric  impactor  population;  the  surface  of  Callisto  has  been 
cratered  by  the  same  population  and  possibly  by  a planetocentric  population  that  had  become 
extinct  before  formation  of  Ganymede’s  observed  surface.  The  leading  edge/trailing  edge 
density  gradient  of  small  craters  on  Ganymede  has  probably  been  obscured  by  non- 
synchronous  emplacement  of  resurfacing  materials  within  light  and  dark  terrains. 

These  results  imply  that  previously  published  normalized  crater  densities  of  different 
Ganymedean  surfaces  [e.g.  15]  are  generally  valid  measures  of  relative  ages.  However,  model 
absolute  ages  of  the  same  surfaces  [15],  keyed  to  a lunar-like  impactor  flux  history,  are 
probably  in  error:  The  heliocentric  impactor  population  should  have  penetrated  the  inner  solar 
system,  but  it  is  difficult  if  not  impossible  to  attribute  crater  populations  on  the  terrestrial 
planets  to  the  same  impactor  population  that  cratered  Ganymede  and  Callisto  [4,6,7].  Thus 
heavy  cratering  of  Ganymede  and  Callisto  (before  formation  of  older  light  terrain  areas  on 
Ganymede)  very  probably  predated  heavy  cratering  of  the  inner  solar  system  [12]. 
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1.  Log  iR)  Size  Distributions  (Interpreted  as  Production  Functions) 
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Diameter  increment 

Area 
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GANYMEDE : "MOAT"  CRATERS  COMPARED  WITH  PALIMPSESTS  AND  BASINS 

B.K.  Lucchitta  and  H.M.  Ferguson,  U.S.  Geological  Survey,  Flagstaff,  AZ 
86001. 

Ganymede  has  varieties  of  impact  structures  not  commonly  found  on 
terrestrial  planets.  These  are  (1)  "moat"  craters,  having  enlarged  central 
pits  with  interior  shallow  domes,  and  (2)  palimpsest  craters  [1],  having 
flattened  circular  shapes  and,  if  well  preserved,  indistinct,  concentrically 
arranged  hummocks  or  ridges  surrounding  a central  plain.  This  abstract 
addresses  the  question  of  whether  a study  of  moat  craters  can  shed  light  on 
the  interior  structures  of  palimpsests  and  basins. 

Moat  craters  have  attracted  attention  previously:  Passey  and  Shoemaker 

[2]  called  them  penepal impsests  type  II  and  considered  them  transitional 
between  craters  and  palimpsests.  They  interpreted  the  inner  smooth  plains  of 
palimpsests  to  reflect  the  former  crater  floor  surrounded  by  the  crater  rim 
and  the  outer  margin  to  reflect  the  edge  of  the  continuous  ejecta.  Croft  [3] 
called  moat  craters  anomalous  pit  craters  and  also  suggested  a continuum 
between  moat  craters,  craters,  and  palimpsests,  even  though  morphometrical ly 
they  appeared  to  be  distinct.  He  placed  the  former  crater  rim  of  palimpsests 
somewhere  within  their  concentric  structures.  Hartmann  [4]  mentioned  that  the 
former  crater  rim  on  palimpsests  might  lie  near  their  outer  margin  and 
emphasized  the  importance  of  locating  the  crater  rim  accurately  for  studies  of 
crater-densi ty  distributions.  Bianchi  and  Pozio  [5],  in  a thorough 
statistical  study,  referred  to  moat  craters  as  craters  with  domed  central 
pits.  Their  main  conclusions,  based  on  ratios  of  central-pit  to  crater-rim 
diameters,  pertained  to  changes  in  lithospheric  thickness  with  time.  They  did 
not  address  implications  for  palimpsests. 

To  better  understand  where  the  former  crater  rim  is  located  in 
palimpsests,  we  assembled  images  of  moat  craters,  palimpsests,  and  basins  and 
analyzed  them  as  members  of  a matrix  having  size  on  one  axis  and  degradati onal 
state  on  the  other.  Thus,  progressive  morphologic  as  well  as  morphometric 
changes  can  be  easily  viewed  (Fig.  1). 

Figures  la  through  c show  a progression  of  similar-sized  moat  craters, 
from  fresh  to  highly  subdued.  The  fresh  crater  Osiris  (Fig.  la)  has  an 
interior,  smooth  dome  surrounded  by  an  inner  pit  margin  and  a shallow  rise 
that  is  probably  equivalent  to  the  crater  peak.  The  crater  rim  is  distinct. 

In  the  more  degraded  crater  of  Figure  lb,  the  shallow  rise  has  become  a wreath 
with  radial  and  concentric  structures,  and  the  outer  crater  rim  is  still 
distinct.  In  Figure  lc,  the  crater  rim  has  become  indistinct  and  is  locally 
replaced  by  an  outward-facing  scarp. 

Figures  Id  through  f display  transitional  forms  from  moat  craters  to 
palimpsests.  Figure  Id  shows  the  moat  crater  Ilus,  which  is  similar  to  that 
of  Figure  lc,  clearly  showing  a central,  smooth  dome  surrounded  by  a wreath  of 
concentric  structures.  The  outer  crater-rim  margin,  in  analogy  with  fresher 
moat  craters,  should  lie  a short  distance  beyond  the  outward-facing  scarp 
surrounding  the  wreath.  Figure  le  shows  two  palimpsests  that  have  structures 
similar  to  crater  Ilus  (Fig.  lc),  except  they  are  more  flattened  and 
degraded.  The  similarity  suggests  that  the  central  smooth  area  in  these 
palimpsests  is  equivalent  to  the  central,  smooth  dome  of  moat  craters  and  the 
outer  margin  is  equivalent  to  a position  very  near  the  outer  crater-rim 
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margin.  The  best  known  palimpsest,  Memphis  Facula  (Fig.  If),  is  a larger  and 
more  subdued  version  of  the  palimpsests  in  Figure  le.  Therefore,  the  central 
plain  here  is  also  equivalent  to  the  moat-crater  dome,  and  the  outer  margin 
lies  near  the  outer  crater-rim  margin.  The  circularity  of  palimpsests 
supports  this  interpretation. 

Figures  lg  through  i show  a progression  from  palimpsests  to  basins.  From 
the  previous  i nterpretations  it  follows  that  the  inner  plain  of  the  basin 
Nidaba  in  Figure  lg  represents  the  flat  dome  of  moat  craters,  the  inner  ring 
scarp  represents  the  inner  pit  margin,  the  outer  ring  scarp  the  inner  crater- 
rim  margin,  and  the  outer  edge  is  located  only  a short  distance  beyond  the 
outer  crater-rim  margin.  In  the  much  younger  crater  Hathor  (Fig.  lh),  the 
central  plain  would  still  be  equivalent  to  the  inner  dome  of  moat  craters,  but 
the  shallow  peak  and  crater  rim  are  not  easily  separated  out  in  the 
surrounding  rugged  concentric  and  radial  structures.  Secondary  craters  begin 
to  occur  only  a short  distance  from  an  outward-facing  scarp  that  probably 
marks  the  position  of  the  outer  crater  rim;  apparently  the  "continuous"  ejecta 
are  closely  confined  to  the  outer  margin  of  the  crater  rim.  According  to  the 
previous  interpretations,  the  central  plain  of  the  Gilgamesh  basin  in  Figure 
li  also  reflects  the  inner  dome,  the  inner  ring  of  rugged  massifs  the  inner 
pit  margin,  and  the  crater  rim  crest  is  located  most  likely  near  the  outer 
surrounding  scarps.  As  Gilgamesh  is  an  impact  structure  transitional  in  form 
to  basins  on  the  terrestrial  planets,  the  observations  of  this  paper  also 
support  the  idea  that  the  inner  ring  on  small-  and  intermediate-sized 
terrestrial  basins  is  equivalent  to  the  pit  margin  of  moat  craters  or  a 
central-peak  ring  [6];  the  crater-rim  equivalent  of  terrestrial  basins  would 
be  located  farther  out. 

The  number  of  degraded  moat  craters  and  palimpsests  is  small,  so  results 
remain  open  to  question  until  better  images  are  obtained  from  future 
missions.  Nevertheless,  a trend  in  the  observations  points  toward  two 
conclusions:  (1)  the  inner  smooth  plain  of  palimpsests  and  basins  is 

equivalent  to  the  floor  of  the  central  pit  and  the  dome  of  moat  craters,  and 

(2)  the  outer  margin  of  palimpsests  lies  close  to  the  former  crater  rim. 
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Figure  1.  Continuum  from  fresh-looking  moat  craters  through  degraded  moat 
craters,  palimpsests,  and  basins.  Upper  bar  beneath  crater  gives  diameter  of 
pit-rim  margin.  Lower  bar  gives  diameter  of  outer  crater-rim  margin.  Bars 
dashed  where  margin  location  approximate.  Scale  bar  in  upper  left  is  100 
km  a north  up,  FDS  16405.02;  b,  north  up,  FDS  20637.44;  c,  north  up,  FDS 
20635.49;  d,  no?th  left,  FDS  20631.33;  e north  up,  FDS  20636.56;  f,  north J UP, 
FDS  20638.29;  g,  north  up,  FDS  20638.31;  h,  north  down,  FDS  20640.51,  l,  north 

down,  FDS  20638.14. 
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STRATIGRAPHY  AND  CRATERING  HISTORY  OF  THE  MOON:  OUR  UNDER- 
STANDING 20  YEARS  AFTER  APOLLO  11.  Paul  D.  Spudis,  U.S.  Geological  Survey,  Flagstaff,  AZ 
86001 

Earth-based  observations  and  robotic  precursor  missions  led  to  the  formulation  of  a generalized 
geological  model  of  the  Moon  prior  to  Apollo  11  [1,2].  The  geologic  tasks  left  for  Apollo  were  to: 
(1)  confirm  or  negate  this  conceptual  model;  (2)  provide  samples  for  study,  including  radiometric 
dating  to  calibrate  the  relative  time  scale  with  absolute  ages;  and  (3)  make  geologic  discoveries  on 
the  Moon  through  human  observation.  The  completion  of  these  tasks  gave  us  a more  detailed 
knowledge  of  the  evolution  of  the  Moon  than  we  have  for  any  other  planetary  body.  Despite  our 
understanding,  some  important  problems  remain  unresolved. 

Stratigraphy  of  the  Moon:  Then  and  Now.  A comprehensive  geologic  mapping  program  was  developed 
to  support  Apollo  lunar  exploration  [3].  The  history  of  the  Moon  was  subdivided  into  four  periods: 
(1)  the  pre-Imbrian,  encompassing  all  events  prior  to  the  formation  of  the  Imbrium  basin;  (2)  the 
Imbrian,  from  the  time  of  the  Imbrian  impact  until  roughly  the  time  of  the  impact  that  formed  the 
crater  Eratosthenes;  (3)  the  Eratosthenian,  from  the  Eratosthenes  impact  to  the  Copernicus  impact; 
and  (4)  the  Copernican,  which  extends  to  the  present  [1-3].  Material  units  of  the  Moon  were 
classified  in  terms  of  relative  age  [2,3].  Units  in  the  highlands  are  mostly  crater  deposits  but 
several  units  of  regional  extent,  mostly  basin  ejecta,  were  recognized  [1-3].  It  was  assumed  in  the 
pre-Apollo  era  that  basin  deposits  consist  of  primary  ejecta;  this  assumption,  in  part,  was  the 
rationale  for  the  selection  the  Fra  Mauro  Formation  of  the  Imbrium  basin  for  the  Apollo  13  and  14 
landing  sites.  Light  plains  and  hilly-furrowed  units  were  mapped  and  interpreted  to  have  formed  by 
highland  volcanism  [1-3].  Studies  of  Surveyor  chemical  analyses  and  photographs  of  flow  lobes  in 
Mare  Imbrium  from  Lunar  Orbiter  led  to  the  idea  that  the  maria  are  basaltic  lava  flows  [1-3].  In 
terms  of  absolute  time,  it  was  suspected  that  the  Copernican  and  Eratosthenian  Periods  make  up 
most  of  lunar  history  [2,4];  in  terms  of  material  units,  however,  it  was  clearly  understood  that  most 
were  emplaced  in  the  Imbrian  and  pre-Imbrian  Periods  [2,3].  This  model  suggested  an  intensively 
active  early  Moon,  followed  by  quiescence  for  most  of  geologic  time  [1,4]. 

Since  Apollo,  most  of  this  view  of  lunar  geologic  evolution  has  appeared  axiomatic  [e.g.,  5]. 
Samples  collected  by  Apollo  1 1 confirmed  the  basaltic  nature  of  the  maria  and  documented  the 
antiquity  of  lunar  volcanism  (at  this  site,  about  3.7  Ga;  [6]).  Results  from  the  successive  Apollo 
missions  (summarized  in  [5,7])  broadened  our  knowledge  of  the  ages  and  types  of  rocks  that  make  up 
the  lunar  crust.  The  early  Moon  underwent  massive,  probably  global,  differentiation  to  form  a 
relatively  feldspathic  crust.  An  impact  bombardment  of  this  crust  battered  the  highlands;  using  the 
deposits  of  the  Nectaris  basin  as  a regional  stratigraphic  datum,  the  pre-Imbrian  was  subdivided  into 
the  Nectarian  and  pre-Nectarian  Periods  [5,8].  Of  a total  of  about  40  basins  on  the  Moon,  roughly 
30  were  formed  in  pre-Nectarian  time,  with  the  remainder  formed  mostly  in  Nectarian  and  early 
Imbrian  time  [5].  Results  of  the  Apollo  16  mission  stimulated  a reevaluation  of  highland  volcanism 
on  the  Moon  [5,7],  leading  to  basin-related  hypotheses  of  origin  [5].  The  Fra  Mauro  Formation  was 
sampled  by  Apollo  14,  but  its  relation  to  the  Imbrium  impact  remains  contentious  [5,12].  After  the 
Imbrian  impact  at  3.85  Ga  [5],  mare  basalt  eruptions,  which  probably  started  much  earlier,  began  to 
be  preserved  in  large  exposures.  All  mare  surfaces  sampled  by  Apollo  and  Luna  were  emplaced 
between  3.8  and  3.1  Ga  ago  [7].  At  least  seven  post-mare  cratering  events  on  the  Moon  have  been 
dated  (or  have  had  ages  inferred)  from  Apollo  samples,  but  these  impacts  are  small  and  are  difficult 
to  date  on  a relative  time  scale  in  a manner  comparable  to  the  regional  units  emplaced  early  in 
lunar  history.  A possible  exception  is  the  age  of  Copernicus  (estimated  at  about  850  ± 100  Ma  old 

[5)1  m u 

The  remaining  problems:  What  do  we  really  know?  Virtually  all  of  the  "facts'*  outlined  in  the  above 
sketch  of  lunar  evolution  have  been  questioned.  The  resolution  of  these  questions  depends  both  on 
continued  work  to  understand  the  Apollo  legacy  and  new  exploration  of  the  Moon. 

Lunar  bombardment  history.  Probably  the  most  controversial  aspect  of  the  cratering  history  of  the 
Moon  is  the  nature  of  its  early  bombardment.  Based  on  isotopic  data  for  highlands  rocks,  Tera  et 
ai.  [9]  proposed  that  the  Moon  underwent  a sharp  increase  in  bombardment  rate  (the  "terminal 
cataclysm")  at  3.9  Ga.  Subsequent  workers  tried  to  refute  this  hypothesis  [5,10,1 1],  claiming  that 
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the  early  Moon  experienced  a gradually  declining  cratering  rate.  In  this  view,  the  prevalence  of  3.9 
Ga  ages  in  the  lunar  samples  is  attributed  either  solely  to  the  Imbrium  impact  [11]  or  to  a few 
basins  [5].  Recently,  Ryder  [12]  has  advocated  a cataclysm  that  produced  virtually  all  basins  and 
craters  in  the  highlands  at  3.9  Ga.  This  problem  is  crucial  to  lunar  history  and  to  the  early 
histories  of  all  the  terrestrial  planets. 

"Highland"  volcanism  and  the  origin  of  KREEP.  Despite  the  results  of  the  Apollo  16  mission,  the 
question  of  the  existence,  duration,  and  volumetric  importance  of  highland  (non-mare)  volcanism  is 
very  much  open.  Spectrally  distinct  dome-like  landforms  may  represent  highlands  volcanism  [13]. 
The  light  plains  of  the  Apennine  Bench  near  the  Apollo  15  landing  site  are  composed  of  post- 
Imbrium  volcanic  KREEP  basalts  [14];  whether  other  light  plains  are  deposits  of  volcanic  KREEP  is 
unknown.  The  origin  and  emplacement  mechanism(s)  of  KREEP  remain  controversial,  volcanism  may 
[15]  or  may  not  [7]  be  one  of  a variety  of  processes  involved  in  the  history  of  KREEP. 

Mare  volcanism:  When  and  how  much?  Sample  studies  have  revealed  that  mare  basalts  were  extruded 
onto  the  lunar  surface  prior  to  3.9  Ga  [e.g.,16],  but  the  amounts  are  unknown.  Highland  light  plains 
with  dark-halo  craters,  indicating  the  presence  of  ancient  buried  basalts  [17],  constitute  less  than 
12%  of  the  lunar  maria.  Large  amounts  of  an  Fe-rich,  chondritic  Th/Ti  component  in  the  cratered 
highlands  may  be  consistent  with  an  extrusion  rate  of  ancient  mare  basalts  up  to  30  times  higher 
than  the  average  rate  since  3.9  Ga  [18].  However,  it  is  possible  that  this  chemical  signature  is 
produced  instead  by  (as  yet  unidentified)  pristine  ferroan  rocks  [19].  Determining  which  scenario  is 
correct  is  important  for  understanding  lunar  volcanic  and  thermal  history. 

The  question  of  when  mare  volcanism  ceased  is  unresolved.  The  youngest  mare  basalts  in  the 
sample  collections  are  from  Apollo  12  (3.1  Ga).  Several  studies  have  documented  maria  younger  than 
the  Apollo  12  site  [5,17],  but  how  much  younger  is  unknown;  it  is  possible  that  the  youngest  basalts 
on  the  Moon  may  be  less  than  1 Ga  old  [17].  The  only  way  to  resolve  this  question  is  to  return 
samples  from  young  mare  basalt  flows. 

Calibration  of  the  relative  age  time-scale.  One  of  the  prime  tasks  of  Apollo,  providing  absolute 
dates  for  stratigraphic  events,  remains  controversial  and  largely  unfinished.  I believe  that  the 
formation  of  the  Imbrium  basin  is  well  established  at  about  3.85  Ga  [5],  although  some  question  this 
[20].  The  Serenitatis  basin,  which  is  difficult  to  date  relative  to  the  Nectaris  and  Crisium  basins,  is 
about  3.87  Ga  [5].  However,  the  age  of  the  Nectaris  basin,  which  defines  the  beginning  of  the 
Nectarian  Period,  is  uncertain;  the  current  best  estimate  is  3.92  Ga  [5,21,22],  Dating  the  Nectaris 
basin  is  crucial;  if  it  really  is  3.92  Ga  old,  then  the  cratering  flux  definitely  increased  at  3.9  Ga, 
possibly  as  a "cataclysm"  [9].  Similarly,  the  absolute  age  of  the  Copernican  boundary  is  unknown;  it 
could  be  as  young  as  800  Ma  [5]  or  as  old  as  2 Ga  [23].  We  need  additional  lunar  samples  trom  a 
number  of  carefully  selected  sites. 
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THE  LUNAR  CRISIUM  BASIN:  GEOLOGY,  RINGS,  AND  DEPOSITS.  PaulD.Spudis 

Ray  Hawke2  and  Paul  G.  Lucey2  1.  U.S.  Geological  Survey,  Flagstaff  AZ  86001  2.  Planetary 
Geosciences-HIG,  Univ.  Hawaii,  Honolulu  HI  96822 

The  Crisium  basin  is  on  the  eastern  edge  of  the  lunar  near  side  north  of  Mare  Fecunditatis  and 
southeast  of  Mare  Serenitatis.  The  basin  impact  appears  to  have  occurred  within ntypica m 
although  evidence  exists  that  mare  volcanism  was  active  in  this  region  prior  to  and ‘ 
after  the  impact  [1].  The  basin  interior  is  mare-flooded,  obscuring  relations  for  the  basin  floor  a 
causing  controversy  regarding  the  true  topographic  rim  of  the  basin  [ , ]. 

Geology  of  Crisium  Deposits  The  highlands  bounding  the  basin  consist  of  well-preserved  massifs 
The  Crisium  rim  consists  of  platform  topography  in  which  mesa-like  terra  islands  of  polygon* 

outline  contain  undulatory  to  smooth  interplatform  deposits  of  light plains o. 0mfnent  and 
latter  may  also  overlie  the  platforms.  These  platform  massifs  are  much  more  prominent  and 

abundant  than  those  at  the  Nectaris  [4]  and  Imbrium  [5]  basins  and  <*ppear  ^ 

highlands  that  surround  Mare  Crisium  for  about  a basin  radius  (250  km).  Schultz  [6]  suggested  that 

these  platform  massifs  were  produced  by  endogenic  modification  of  basin  topography 

The  highlands  on  the  southern  border  of  the  Crisium  basin  display  several  morphologies  ha 
render  interpretation  of  basin  geology  difficult.  Large  exposures  of  hilly  and  furrowed l materia  [7] 
occur  in  this  region  and  appear  morphologically  similar  to  the  Descartes  materials  exposed  f 

the  Nectaris  basin  [4].  The  rim  of  Cleomedes,  a post-Cnsium  crater  on  the  northern  nm  of  he 
basin  is  overlain  by  a deposit  of  this  hilly  material.  Therefore,  at  least  in  this  region  the  hilly 
material  cannot  be  a facies  of  Crisium  basin  ejecta  because  it  overlies  a crater  that  post-dates  the 

^Distal  Crisium  deposits  are  difficult  to  recognize  in  most  regions  [2],  Sparse  patches  of  bneated 
terrain  occur  north  of  the  basin,  terminating  near  the  crater  Messaia  and  probablebasmsecondan 
are  exposed  near  the  crater  Zeno.  The  elongate  crater  Rheita  P,  that  is  superposed  on  the  Nectary 
basin  Jannsen  Formation,  may  be  a Crisium  basin  secondary  crater;  this  relation  implies  that  Crisium 
post-dates  the  Nectaris  basin  [8]. 

Rings  and  structural  geology  A subtle  ring  structure  1080  km  diameter  has  been  interpreted  as  the 
main  topographic  rim  of  the  basin  [2,3].  Most  other  investigators  interpret  the  main  basin  rim i to  be 
the  scarp-like  ring  (740  km  in  diameter)  just  outside  the  massif  ring  bordering - the : mare  (540  km 
diameter)  [9,10].  Highland  elevations  of  the  740  km  ring  equal  or  exceed  those  o £ 

bordering  the  mare;  thus,  this  ring  probably  represents  the  true  topographic  nm  of  the  Crisium 
basin.  tIo  large,  exterior  rings  of  1080  and  1600  km  diameter  possess  scarp-like  morphology  and 
resemble  the  outer  rings  of  the  Nectaris  and  Imbrium  basins  [4,5].  One  additional  inner  ring  ( 
km  diameter)  is  expressed  by  the  wrinkle  ridge  system  of  Mare  Crisium. 

One  of  the  most  distinctive  structural  features  of  the  Crisium  basin  is  the  presence  o concen  ri 
troughs  that  occur  between  the  platform  massifs  that  make  up  the  basin  rings.  These  trough  are 
evident  on  both  low-sun  telescopic  photographs  and  topographic  data  derived  from  orbiting 
spacecraft.  The  troughs  appear  to  be  structurally  controlled  and  display  polygonal  outli  e . 

Composition  of  Crisium  basin  deposits.  Orbital  chemical, and  Farth-hased  ^ 

composition  of  the  southern  Crisium  terra  is  that  of  typical  near  side  highlands.  Ml*,ng  “od* 
calculations  [11]  performed  on  four  regional  units  [12]  show  all  to  be  more  or  less  constant  m 
petrologic  composition.  Three  of  the  highlands  units  are  nearly  idcmical,  being  composed^ 
anorthositic  gabbro  and  low-K  Fra  Mauro  basalt  in  the  approximate  proport’^S  °f  3t  1 ’ ^ c°ent 
unit  correlated  with  interplatform  light  plains,  displays  a mare  basalt  component  (almost  1 9 percent) 
Two  near-infrared  spectra  exist  for  Crisium  deposits  [13]:  that  of  the  «« JT 
composition  of  anorthositic  norite  while  that  for  the  small  crater  E.mmart  A indicates  a fe  dspathic 
rock  with  both  orthopyroxene  and  olivine  [13],  The  compositions  of  Crisium  basin  ejecta  are 
comparable  with  those  observed  in  Nectaris  [4],  in  which  anorthositic  components  make  up jhe 
majority  of  basin  deposits  and  LKFM  is  less  abundant.  Both  basins  probably  excavated  comparable 
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stratigraphic  levels  (not  necessarily  comparable  depths)  of  the  lunar  crust. 

Luna  20  Samples.  The  Soviet  unmanned  spacecraft  Luna  20  landed  on  the  southern  rim  deposits  of 
the  Crisium  basin  near  the  crater  Apollonius.  Anorthositic  particles  are  the  most  abundant 
component  of  the  soil,  making  up  about  75  percent  of  the  sample,  while  Low-K.  Fra  Mauro  basalt 
contributes  about  18  percent  to  the  total  Luna  20  soil  [14].  Lithic  fragments  with  LKFM 
composition  are  aphanitic  impact  melts.  These  rocks  may  represent  ejected  Crisium  basin  impact 
melt  that  is  included  within  anorthositic  clastic  ejecta  at  the  Luna  20  landing  site.  Such  a relation 
is  similar  to  that  of  VHA  melt  rocks  found  in  the  Apollo  16  samples  that  were  probably  derived  from 
the  Nectaris  basin  impact  [4], 

About  9 percent  of  the  Luna  20  soils  consist  of  mare  basalt  mineral  fragments  and  agglutinates 
[14];  mixing  model  calculations  of  orbital  data  range  from  2 to  18  percent  mare  basalt,  in  reasonable 
agreement.  These  mare  basalt  fragments  may  be  derived  from  the  post-basin  Mare  Crisium  and  Mare 
Fecunditatis  flows,  delivered  to  the  site  by  impact  craters  but  the  evidence  for  ancient,  basin-related 
mare  deposits,  both  as  ejecta  and  post- basin  interplatform  flows  [1],  suggests  that  at  least  some  of 
these  fragments  may  be  part  of  the  Crisium  ejecta. 

Discussion.  Remote-sensing  and  Luna  20  data  suggest  that  excavation  at  Crisium  basin  was  limited 
to  upper  and  middle  crustal  levels  (40-45  km),  as  at  the  Nectaris  basin  [4],  The  lowermost  boundary 
for  the  transient  cavity  diameter  is  probably  the  inner  mare  ridge  ring,  about  380  km  in  diameter;  if 
smaller  than  this,  inner  basin  topography  would  probably  be  more  prominent  within  Mare  Crisium  and 
terra  islands  would  be  evident  within  the  mare  fill  of  the  basin.  The  maximum  size  of  the  transient 
cavity  is  probably  less  than  or  equal  to  about  540  km  in  diameter,  corresponding  with  the  prominent 
massif  ring  that  contains  the  mare  fill  of  the  basin.  If  the  impact  cavity  were  much  larger  than 
this,  lower  crustal  and  mantle  material  would  have  been  excavated.  We  suggest  a transient  cavity 
diameter  of  about  450  km  for  the  Crisium  basin  [4,5]. 

Platform  massifs  result  from  the  penetration  of  the  lunar  lithosphere  by  the  basin-forming  impact, 
followed  by  sub-lithospheric  flow  and  foundering  of  crustal  blocks.  The  impact  induced  radial  and 
concentric  fractures  in  the  rigid  lithosphere;  such  fracturing  has  been  predicted  theoretically  [15] 
and  documented  by  observations  [16].  After  the  impact,  the  lunar  asthenosphere  flowed  inward  to 
compensate  for  the  excavated  mass.  Because  the  viscosity  of  the  asthenosphere  was  variable 
laterally  on  small  scales,  the  regional  inward  flow  produced  platforms  by  selective  removal  of 
underlying  support;  the  failure  occurred  along  the  zones  of  weakness  induced  earlier.  Such  a 
mechanism  for  the  production  of  platform  massifs  would  explain  their  absence  around  young  lunar 
basins,  such  as  Orientale;  these  basins  formed  after  the  lithosphere  had  grown  so  thick  that  the 
basin  transient  cavity  occurred  entirely  within  the  rigid  layer. 
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A NEW  ESTIMATE  OF  THE  METEOROID  IMPACT  FLUX  ON  THE  MOON,  J.  Oberst 
and  Y.  Nakamura,  Department  of  Geological  Sciences  and  Institute  for  Geophysics,  The  University  of 
Texas,  Austin,  Texas  78713-7909. 

Introduction.  We  have  made  a new  estimate  of  the  flux  of  seismically  detected  meteoroids  impacting 
the  lunar  surface.  Since  earlier  studies  of  the  seismic  impact  flux  (1,2)  our  database  has  significantly 
expanded  and  our  knowledge  on  seismic  energy  transmission  in  the  Moon  has  greatly  improved.  This  new 
information  allows  us  to  take  a new  approach  for  such  an  estimate.  Although  earlier  methods  of  flux 
estimate  (1,2)  relied  on  assumptions  on  how  observed  impacts  were  distributed,  on  average,  with  distance 
from  the  seismic  stations,  we  are  now  able  to  eliminate  these  assumptions  by  using  explicitly  determined 
locations  and  energies  of  a large  number  of  detected  impacts.  This  enables  us  to  estimate  the  flux  in  a more 
straightforward  way  than  was  possible  earlier. 

Impact  Location  Estimates.  From  the  Passive  Seismic  Experiment  Long-Period  Event  Catalog  (3), 
we  selected  91  impacts  that  showed  peak-to-peak  amplitude  readings  of  10  mm  or  more  at  two  or  more  of 
the  four  seismic  stations.  Although  earthquake  hypocenters  are  usually  located  from  the  arrival  times  of 
seismic  waves  at  different  stations,  only  a limited  number  of  lunar  seismic  sources  provides  accurate  arrival- 
time readings  for  their  locations  because  of  strong  scattering  of  signals.  We  located  18  impact  sources  by 
conventional  amval-time  methods.  For  the  rest  of  the  impact  sources  we  used  seismic  signal  properties 
other  than  arrival  times,  such  as  amplitude  decay  with  distance  and  the  change  in  shape  of  the  envelope  of 
the  seismic  signal  due  to  scattering.  Once  the  impact  locations  are  known,  the  impact  energies  can  be 
determined  using  appropriate  calibration  data,  such  as  those  from  impacts  of  the  Saturn  IV  boosters  (S-IVB) 
and  the  Lunar  Module  (LM),  whose  impact  sites  and  energies  are  known. 

Figure  1 shows  the  distribution  of  the  impact  locations  of  the  selected  events  on  the  lunar  surface. 
Events  of  smaller  magnitude  cluster  near  the  seismic  stations  because  they  are  detected  only  at  short 
distances.  More  impacts  are  located  on  the  western  lunar  hemisphere  because  events  closer  to  the  least 
sensitive  (i.e.,  the  westernmost  Apollo  12)  station  are  more  likely  to  meet  the  criteria  (large-amplitude 
readings  at  two  or  more  seismic  stations)  under  which  the  91  impacts  were  selected. 

Results.  Figure  2 shows  the  cumulative  distribution  of  impact  energies.  The  occurrence  rates  on  the 
ordinate  are  normalized  to  represent  the  observed  impact  rate  on  the  Moon  per  year.  Only  events  exceeding 
a certain  impact  energy  (E  > 3x  101 1 J)  can  be  detected  over  the  entire  lunar  surface,  while  smaller  ones  are 


Fig.l:  Distribution  of  91  selected  large  meteoroid  impacts  on  the  lunar  front  (left)  and  far  side 
(right).  The  sizes  of  the  circles  are  proportional  to  the  logarithm  of  the  impact  energy  of  the 
meteoroid.  The  seismic  stations  are  marked  with  crosses. 
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incompletely  sampled.  We  estimate  the  impact  flux  to  be  logio  N(E)  — -0.99  logio  E + 11.38,  where  N is 
the  number  of  impacts  per  year  on  the  lunar  surface  having  impact  energies  higher  than  E in  the  energy 
range  3xlOn  J < E < 1012  J. 

A comparison  of  our  new  result  with  the  lunar  cratering  rate  (4)  using  appropriate  scaling  laws 
relating  crater  size  to  impact  energies  (e.g.,  5)  shows  a remarkably  close  agreement  (Fig.2).  However,  the 
agreement  may  be  deceiving  because  the  flux  determined  from  lunar  crater  statistics  alone  is  rather  uncertain. 
Various  crater  scaling  laws  exist  with  predicted  crater  sizes  varying  by  as  much  as  a factor  of  ten  for  given 
impact  energy. 

A comparison  with  the  flux  from  terrestrially  observed  "airwave  objects"  (large  meteoroids)  (6,7) 
indicates  that  our  lunar  result  is  about  a factor  of  four  lower  than  the  latter  (Fig.2).  The  reduced  focusing  of 
meteoroid  trajectories  and  reduced  attraction  in  the  Moon’s  gravity  field  have  been  taken  into  account.  These 
corrections  depend  on  the  average  velocities  of  the  meteoroids,  for  which  we  adopted  v=20km/s  (encounter 
speed  at  the  top  of  Earth’s  atmosphere). 

Discussion.  The  new  result  significantly  reduces  previously  reported  discrepancies  between  lunar  and 
terrestrial  meteoroid  flux  estimates  (1,2).  That  the  seismic  efficiency  (i.e.,  the  fraction  of  the  pre-impact 
kinetic  energy  transformed  into  seismic  energy)  of  the  rocket  boosters,  which  we  used  as  calibration,  could 
be  significantly  lower  than  that  of  meteoroids  has  been  cited  as  a possible  cause  of  the  apparently  low  lunar 
flux  estimates.  However,  this  study  shows  that  the  difference  in  seismic  efficiency  need  not  be  greater  than 
a factor  of  four,  provided  that  the  terrestrially  measured  flux  of  meteoroids  is  correct. 

Recent  Monte  Carlo  studies  of  the  seismic  impact  detection  rate  (8)  suggest  that  the  majority  of 
observed  impacts  occur  at  closer  ranges  to  the  seismic  stations  than  was  assumed  earlier.  Although  an 
explanation  for  this  observation  is  yet  to  be  found,  it  is  most  plausible  that  this  effect,  if  not  taken  into 
account,  also  contributes  to  erroneous  lunar  impact  flux  estimates. 


Fig.  2:  Cumulative  distribution  of  impact 
energies  (in  Joule)  of  the  selected  91 
events.  Comparison  with  lunar  crater 
statistics  (4,5)  and  with  Shoemaker's 
estimate  of  the  energy  distribution  of  large 
meteoroids  (6)  are  shown.  The  mean 
impact  energies  of  the  S-lVBs  and  the 
LMs  (which  are  used  as  calibration)  are 
marked  by  arrows. 
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PHOBOS;  COMPARISON  OF  SMALL  CRATERS  ON  PHOBOS  AND  THE  MOON 
William  K.  Hartmann,  Planetary  Science  Institute,  Tucson,  AZ  85719 

The  Soviet  PHOBOS  mission  may  allow  the  first  detailed 

^nn+hpiS?riS-|0:f  lu?ar  fratef  diameter  distributions  with  those  of 

SevJJal  n^M  55  55  PlaneJai7  body  at  diameters  down  to  meter  scale, 
several  problems  can  be  addressed. 

Crater  densities  on  Phobos  have  been  measured  at  larger  sizes  bv 
myself  and  bv  Thomas  and  Veverka  from  Mariner  9 and  Vikinf  data  7 

hntPmn«+Telw  ' Th?raas  and  Veverka’s  counts  average  slightly  lower 
but  mostiy  have  overlapping  error  bars.  Here  I compare  both  sets  of’ 
hobos  counts  to  lunar  crater  counts  from  my  own  catalog,  assembled 
rom  Ranger,  Orbiter,  and  Apollo  data  since  the  1960’s.  A particular 
value  of  my  Phobos  and  lunar  data  set  is  uniformity  of  counting 
techniques  applied  to  many  data  sets,  mostly  by  the  same  observer. 

, P1  1.and  2’  tlie  Phobos  counts  are  plotted  on  the  same 

format,  but  against  different  background  data  sets  from  two  tvDes  of 
lunar  surfaces,  both  plots  are  similar  to  the  'rpIo?s"  introduced  bv 
™n*1  Any  horizontal  represents  a cumulative  or  log- incremental  y 
pover  lav  size  distribution  with  an  exponent  of  -1.83.  The  sSlid 

SSSMSTS  thp6,  is  the  fest  fit  for  a * -V toJiiy 

ue2i 8 th  lnner  solar  system,  which  I find  to  be 

of  llch  olhl™ 1 in  Crat6r  denSity’  generally  within  a factor  2 or  3 

In  reference  1 I hypothesize  that  this  line  represents  an 

equilibrium6  (henceforth'^SE^f'^^afso^ypothesiz^that^in^ature^^011 

omeUmes"rls!nl 

surfaces  are  wiped  clean  by  new  craters  or  their  eject!  sheets 

Sheet  in  a sPecifio  region  would  have  !nly  !' certain 
epth,  shallower  craters  up  to  a limiting  size  would  be  obliterated 

meteJ  r!!!esrwMH  !°o1d  S-°2  thr?ush{  imP1)’i"e  that  different  dia-d 
meter  ranges  would  evolve  independently,  and  wavy  structure  wrmlH  h* 

arenControversial?riZ°ntal  ^ »“*  "^^S  ^Jese! 

Phobos  might  be  expected  to  have  reached  SE,  not  only  because  it 

iMef!!llUrvenyer!tedS  jeCJed  t0  ^ ^ardment  without  much 
^ff  u 1 dJesurf?9ln8>  but  also  because  most  debris  blown 

-i  K , »emaaki ln  Martian  orbit  and  re- impact  Phobos.  The  latter 

m^ihobo?^:?:^6  effect"  "ay  Mpiaia  the  of 

Ph?h°s  thus  gives  a special  opportunity  to  test  ideas  of  crater 
uration  and  evolution.  Fig.  1 shows  one  test.  If  Phobos  and  the 
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nost  heavily  cratered  lunar  highly  ™ U 

surfaces  should  have  similar  crater  d„ ssiti. ^ ^ u„e>  as 

SE  occurs  at  densities  some  5 x higne^  ^ ^ reaSon,  other  than 
suggested  by  some  ^epJ0J0g  t0  match  the  lunar  highlands  or  the 

ref erence'line . Fig.  1 shows  that 

SS*SJ  hypothesis  that  ttey  have  been  evolved  toward  a universal  SE 
level. 

Fig.  2 shows  a second,  more  subtle  ^^^^py^rize^by  repeated 

observed  in  mare  regions  is  a ay  definition  at  diameters  with 

impacts,  and  as  such  should  be  in  SE  by  det initio  ^ ^ Gmlt 

depth  comparable  to  the  regoiit  , ® ^ counts  rise  sharpiy  toward 
and  others  years  ago5,  lunar  dramatically  at  this  size  range, 

smaller  diameters,  but  then  ro  follows  the  hypothetical  SE 

Fig  2 shows  that  this  rollover  roughly  follows  tn  yP  fall  in 

line  within  a factor .2> £ ^ 0rls  the  idea  that  Phobos  craters 
are  SS  STS'  coSuifnTefiLd  b?  the  lunar  regolith. 

Extensions  of  these  ^^beLttermTnatedWbyhNASABin  recent  funding 
cuts^bit'l  hoper°tS"si«ilar  work  can  be  resumed  either  by  myself  or 
by  others  associated  with  future  Phobos  data. 
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85287. 
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nizing  changes  in  the  impact  flux. 

ifiBMiiMg 

“e'Sx^res^  the  ejecta  provides  first-orde^ 

=SSSH=»=b  -sSSSs 
SHHSHSSsfs = am 

provided  calibration  for  estimating  absolute  ages  of  the  dated  craters. 

of  uTdSSSn  a ^8  e^td- 

«E£Sr~sx£ SIs»E-ssssssffs 

radar  halo  and  eliminated  craters  near  the  resolution  limit. 

Results:  Figure  1 reveals  that  dated-craters s exhibit , dlsl lino  ^Stlonol 

ST? * " t mV  v-h  an  addilloha,  spihe  he, ween  , 

ro.2t  ^ ^ f,  ™,i^  roae-iVe^y0fhe-en'- 

. ,c  7 anr|  -i  el  could  be  considered  significant.  These  ages  are  only  preliminary  and 

hancements  at  2.  7,  and  10  couia  oe  cunb  y cPr\/p  to  illustrate  that  a non-random 

depend  on  calibrations  with  sannpled  era  e g I ^ bu  y d foc(js  Qn  ,he  counter 

impact  flux  emerges  from  the  data.  If  the  significance  auernaiiv  y sudden  increase  in 

pS^Lfc^brsTaf^e  ^umullive  tlux’oi  obfe ots  producing  small  craters  has  been 
reasonably  constant  over  long  time  intervals  (i.e.,  the  last  0.1  to  1.0  by). 


466 


The  age-calibrated  radar-haloed  craters  provided  90  craters  larger  than  2 km  on  the  lunar  near- 
side of  which  15  were  also  In  the  set  of  38  craters  dated  by  crater  statistics.  Weli-deflned  clusterings 
In  ages  were  found  at  6 1 2 my  and  15  12  my  with  inferred  enhanced  flux  rates  six  times  higher  than 

average.  Craters  with  inferred  ages  near  6 my  tightly  cluster  In  the  eastern  lunar  hemisphere, 
whereas  the  15  my  group  broadly  cluster  In  the  western  hemisphere.  In  contrast,  craters  older  than 
about  100  my  are  largely  confined  to  the  eastern  nearside. 

Conclusions:  Although  a periodic  change  in  the  Impact  flux  in  the  Earth-Moon  system  cannot  yet 
be  confirmed  from  the  data,  a non-random  component  appears  to  exist  with  an  Increased  flux  around 
7 and  15  my.  The  concentrations  in  different  quadrants  of  the  lunar  hemisphere  would  be  consistent 
with  a shower  of  debris  generally  smaller  than  0.5  km. 
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Figure  1.  Dixmouuon  of  dared  craters  larger 
man  1 ten  cairorareo  from  me  samoiec  cates  of 
Tycno  (5).  Norm  Ray  (8).  Soutn  Ray  (Bl.  £rtd 
Cone  (8)  craters. 


Figure  2.  Histogram  of  dated  craters  larger 
than  2 ion  snown  as  a running  totai.  mofvicruaJ 
Cat  a wrtn  sxatisttcaJ  error  ban  are  snrrwn 
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SOURCES  OF  CLASTS  IN  IMPACT  MELTS.  Kelli  McCormick1,  G.  J.  Taylor  , K.Keil  , 
P.  D.  Spudis  , R.  A.  F.  Grieve3,  and  G.  Ryder4.  1)  Inst,  of  Meteoritics,  Univ.of  New  Mexico, 
Albuquerque,  NM  87131;  2)  Branch  of  Astrogeology,  U.S.  G.S.,  Flagstaff,  AZ;  3)  Geophysics 

Division,  GSC,  Ottawa,  Canada;  4)  Lunar  and  Planetary  Institute,  Houston,  TX. 

Numerous  studies  of  lunar  and  terrestrial  impact  melt  rocks  show  that  the  melt  matrices  are 
chemically  homogeneous  (e.g.,  1).  The  clast  population  within  impact  rocks,  however,  appear 
(at  least  in  the  lunar  case)  not  to  be  representative  of  the  chemical  components  in  the  melt 
matrices  (2-4).  To  better  understand  clast/melt  relationship,  we  are  analyzing  a suite  of 
impact  melt  rocks  from  the  Mistastin  Lake  Crater,  Labrador,  Canada.  As  opposed  to  the  Moon 
where  there  is  no  geologic  control,  the  target  structure  of  this  crater  is  well  understood  and 
there  are  only  three  types  of  country  rocks  (i.e.,  target  material):  granodiorite  (a  relatively 
minor  component),  quartz  monzonite  (also  referred  to  as  adamellite  or  mangerite)  and  anorthosite 
(5).  Previous  work  on  Mistastin  Lake  Crater  indicates  that  the  impact  melt  can  be  generated  by 
mechanical  mixing  of  the  three  rock  types,  calculated  at  about  65%  anorthosite  and  35%  quartz 
monzonite  plus  granodiorite  (5).  Our  preliminary  data,  however,  indicate  that  the  proportions 
of  target  rocks  represented  as  clasts  in  the  Mistastin  Lake  impact  melts  vary  widely. 

Polished  thin  sections  of  each  type  of  target  material  and  a suite  of  melt  rock  samples 
were  analyzed  withaJEOL  733  superprobe  using  a 10  urn  diameter  beam.  Feldspar  grains  in  the 
three  target  materials  were  analyzed  for  general  compositional  variations  within  each  grain  as 
well  as  for  compositional  ranges  among  the  separate  feldspar  grains  of  each  rock  type  (Fig.  1). 
Clasts  from  anorthosites  can  be  distinguished  clearly  from  granodiorites  and  quartz  monzonites. 
Feldspar  clasts  within  each  impact  melt  rock  were  also  analyzed  for  comparison  with  feldspar 
compositions  of  the  target  material  to  determine  the  specific  parent  rock  type  for  each  clast. 
Only  feldspars  that  clearly  appeared  to  be  clasts  were  analyzed.  In  addition,  we  tried 

analyzing  only  unaltered  clasts.  We  found  two  general  types  of  clast  alteration,  heat 
alteration,  creating  a checkerboard  texture,  and  alteration  resulting  in  a breakdown  of  the 
clast  to  what  appears  to  be  clay  minerals. 

We  found  that  the  percentage  of  each  rock  type  as  represented  by  the  clasts  varies  consid- 
erably among  the  different  melt  rock  samples  (Table  1).  Fractions  of  parent  rock  types  within 
the  impact  melt  rocks  determined  from  clast  populations  vary  from  100%  anorthosite  to  about  66% 
granodiorite/quartz  monzonite,  33%  anorthosite.  These  variations  are  correlated  withsampling 
location:  anorthosite-rich  rocks  were  collected  on  the  north  and  west  shores  of  Mistastin  Lake, 
whereas  those  richer  in  granodiorite  and  quartz  monzonite  were  collected  on  the  south  and 
southwest.  There  is,  however,  one  exception:  sample  LM44-4B(91%  anorthosite)  was  collected  1- 
2 meters  above  LM44-2A(34%  anorthosite). 

We  accepted  any  analysis  with  a total  oxide  wt.%  of  between  98.5  and  101.5  and  feldspar 
stoichiometry  between  4.975  and  5.025  (5  cations  based  on  8 oxygens).  Feldspars  in  a few  of  the 
rocks  give  low  totals.  In  most  cases,  however,  the  stoichiometry  of  these  points  falls  within 
our  accepted  0.5%  error.  At  present  we  are  including  the  points  with  poor  totals,  but  accept- 
able stoichiometry  in  our  data  set  because  (1)  they  plot  within  our  country  rock  fields  on  the 
ternary  An-Ab-Or  diagram  and  (2)  both  the  points  with  acceptable  and  those  with  low  oxide 
wt.%  sums  give  the  same  results  in  terms  of  representative  lithologies  (Figs.  1 and  2).  These 
low  sums  may  be  due  to  the  presence  of  water  and/or  glass  lamellae  smaller  than  10  urn  within 
the  feldspar  clasts.  These  possibilities  will  be  investigated. 

From  the  data  collected  so  far,  we  conclude  that  the  clast  population  in  the  Mistastin  Lake 
melt  rocks  do  not  quantitatively  reflect  the  abundances  of  the  components  in  the  melt  matrix. 
This  may  be  caused  by  the  heterogeneous  distribution  of  the  target  material;  that  is,  the 
preferential  incorporation  of  clasts  from  one  lithology  over  another  as  the  melt  flowed  outward 
from  the  point  of  impact.  Radial  differences  in  the  clast  assemblage  are  clearly  important,  but 
the  differences  between  LM44-2Aand  44-4B  suggest  that  the  nature  of  clasts  varies  vertically 
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FIGURE  2.  Feldspar  compositions  In  melt  rock  LM  43A 
(0  = good  sums,  x = bod  sums). 


Or 


FIGURE  3.  Feldspar  compositions  In  melt  rock  LM  55A 
(o  = good  sums,  x — bad  sums). 
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JETTING  AND  THE  ORIGIN  OF  TEKTITES 

A.  M.  Vickery,  Lunar  and  Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ  85721 


_ » ^ The  111  t.ektItes  'vas  a hotly  debated  subject  for  many  years.  Tektite  strewn  fields 
extend  hundreds  to  thousands  of  kilometers  across  the  earth’s  surface,  and  the  problem  of 

?[? P?“ l"S  moKlten  fmatenal  throu8h  the  earth's  atmosphere  without  disrupted  it  into  a fine  mist 
( ) led  a number  of  investigators  to  propose  an  extraterrestrial  origin  for  tektites  (2  3)  A laree 
amount  of  geochemical  evidence,  however,  strongly  suggests  that  tektites  were  produced  by 
the  (presumable  impact-induced)  melting  of  terrestrial  sediments  (4),  and  most  people  now 

Th^mn^u  ^e]terrest"al  on8in. of  tektites  has  been  proved  beyond  a reasonable  doubf(e.g  5) 
The  most  widely-cited  mechanism  for  tektite  production  is  jetting  durine  the  early  stages  of 
impact  although  the  only  previous  dynamic  study  of  jetting  with  regard5 to  this  problem  (1) 
concluded  that  the  jet  would  break  up  into  a fine  mist.  The  problem  is  compounded  by  the 
evidence  from  the  primary  shapes  and  ablation  characteristics  of  the  australites,  which  stonglv 

Sh?pntS  tpat  tH?y  S?  !dlhed  as  sPheres  (implying  extremely  low  differential  pressures)  a&nd 
subsequently  entered  the  earth  s atmosphere  from  above  (2). 

In  this  study,  the  theory  of  jetting  due  to  the  collision  of  thin  plates  (6-10)  was  extended 

on  o aSfofc'e  T Pf.r ft* ^ 1 ^ U a"d  ^ ^ “ 

onto  a half-space  (c.f.  1 l).The  tangent  to  the  sphere  at  the  locus  of  intersection  is  assumed  to 

correspond  to  the  upper  plate  and  the  surface  of  the  target,  to  the  lower  plate.  There  are  two 

Dlate^con vefrppencef hthat  tyJ1Cally  used  in  Jettin8  studies:  In  the  standard  frame,  the  two 

p ates  converge  with  equal  and  opposite  velocities  vp  perpendicular  to  the  plates  the  iet  is 

directed  along  the  bisector  of  the  angle  (29)  between  the  plates,  and  the  locus  of  intersection  P 
funcdo„Tvp  Thefe,  velSi^T'86’  ,e“'n6  Wi"  °n'y  OCCUr  * 6 " 6“'  <7‘9)'  where  **  is  a 

where  f~l  from  experiments.  In  the  collision  frame,  the  material  in  the  plates  moves  with  a 
r^Vfr?  V°  ~ ^Pfcote  along  the  plates  into  the  now  stationaiy  intersection  P.  The  jet  velocity  in 
this  frame  vi  - fvQ  ~ vQ,  combined  with  information  on  the  jet  width  (10)  essentially  eives  the 
rate  at  which  material  is  fed  into  the  jet.  In  addition  to  these'to 

problem  requires  the  target  frame,  in  which  the  target  half-space  is  stationlrv  and  fhe 

ronty  dTnds  0n  both  the  imPact  velocity  and  the  current  geometrj  fthe Segme 
of  penetration  of  the  sphere  into  the  half-space).  The  jet  velocity  in  this  frame  is  the  2 

velocity  relative  to  a stationary  target  and  is  initially  unknown.  A vector  vt  is  derived  to 
ranslate  from  the  target  frame  to  the  standard  frame,  which  requires  the  assumption  of 
differential  slip  within  the  jet  (asymmetric  jetting  (7)).  The  translation  vector  is  then  applied  in 

thp^nai?  'S  1°  get  thu  JCt  veloClty  in  the  tar8et  frame  v;’;  vj’  is  not  directed  along  the  bisector  of 
the  angles  between  the  converging  surfaces  nor  is  it  directly  radial  from  the  center  of  impact 

Similarly  the  relation  between  the  target  and  collision  frames  permits  an  estimate  of  the  mass 
amounts  of  rnass  loth?' Je,""S  ,S  aSymme,ric'  'he  projectile  and  target  contribute  different 

. The  pressure  at  the  stagnation  point  P was  estimated  using  the  method  of  (12)  usine  a 
piece-wise  linear  shock  velocity-particle  velocity  equation  of  state  for  olivine.  It  was  assumed 

“ase  fr0™  P^sures  of  7.3x1010  Pa,  1.0xl0”Pa,  and  5.0x10”  Pa  would  result  in 
elting,  incipient  vaporization,  and  complete  vaporization,  respectively  A computer  code  was 
devdoped  that  calculates  the  mass  ejected,  its  phie,  the  ejection  speed,’ elevarion a,5d 
ejection  ang  es,  and  projectile  fraction  within  the  jet  as  functions  of  time  Mass  averages  of 
these  quannt.es  were  calculated  for  each  timestep  and  for  the  entim  duration  of  jetting 
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Because  jetting  is  a hydrodynamic  process,  the  mass  jetted  scales  rigorously  with  the 
mass  of  the  impactor;  thus  all  the  calculations  involve  an  impactor  with  radius  100  m (density 

3200  kg/m3).  Impact  velocities  of  15,  20,  and  25  km/s  and  impact  angles  ranging  from  0 

(vertical)  to 75°  in  15°  increments  were  used. 

RESULTS:  (1)  Overall  Mass  Averages:  The  total  mass  jetted  increases  with  impact  velocity 
(Ui)  and  decreases  (slightly)  with  increasing  obliquity  of  impact  for  a = 0 - 60°,  then  increases 

for  a = 15°  The  increase  is  more  pronounced  at  lower  Up  In  all  cases,  vapor  dominates  the 
jet,  most  strongly  at  higher  Uj  and  low  a.  Overall  jet  velocity  increases  with  Ui  and  decreases 
with  increasing  a.  Again,  vapor  strongly  dominates  axcept  at  a = 75°.  The  mean  elevation 

angle  of  the  jet  increases  with  a from  -7°  at  a = 0°  to  20-25°  at  a = 15°,  with  melt  generally 
ejected  at  higher  angles  than  the  vapor.  The  projectile  fraction  in  the  jet  (Fp)  varies  between 
0.40  and  0.50  and  increases  slightly  with  a;  Fp  in  the  melt  ranges  from  ~0.2  at  high  Uj  and 


low  a to  > 0.5  at  high  a.  Jetting  is  azimuthally  symmetric  for  a = 0°,  and  becomes 
increasingly  focussed  downrange  with  increasing  a.  In  general,  the  melt  fraction  is  more 

concentrated  downrange  than  the  vapor  fraction.  .. 

(2)  Time  Dependence:  The  mass  flux  is  maximum  at  the  onset  of  jetting  and  declines  more 

rapidly  for  more  nearly  vertical  impacts.  Except  for  a = 0°,  the  mass  flux  either  levels  off,  or 
goes  to  a local  minimum  and  then  increases  slightly  before  a final  decline;  this  effect  is  less 
pronounced  at  higher  impact  velocities  and  smaller  a.  Similarly  the  jet  velocity  is  greatest  at  the 
onset  of  jetting;  the  lower  a,  the  greater  the  initial  velocity  and  the  more  rapid  its  decline.  Vapor 

is  ejected  first  and  at  the  highest  velocities.  At  Ui  = 15  km/s,  the  elevation  angle  is  initially  < 5° 
for  all  a and  increases  with  time  and  a to  a maximum  of  -35°  at  a = 75°.  The  azimuthal  extent 
of  jetting  decreases  with  increasing  obliquity  and  with  time  at  a given  obliquity. 


APLICATION  TO  TEKTITE  FORMATION:  Although  these  results  are  preliminary,  they 
suggest  that  for  reasonable  asteroidal  impact  velocities,  a very  high  velocity  vapor  jet  is 
produced  that,  as  it  expands  adiabatically,  can  engulf  and  accelerate  a significant  volume  ot 
ambient  atmosphere  away  from  the  impact  site.  The  melt  fraction  of  the  jet  is  thus  ejected  into  a 
much  rarified  ambient  atmosphere,  suppressing  break-up  of  the  molten  jet.  Whether  and  under 
what  conditions  this  can  explain  the  extraordinary  extent  of  the  Australasian  and  North 
American  strewn  fields  and  particular  characteristics  of  the  australites  is  beyond  the  scope  ot 
this  study. 


REFERENCES:  (1)  E.  Adams  (1965)  N.  Jb.  Miner.  Mh.  9,  332.  (2)  D.  R.  Chapman  and  H. 
K.  Larson  (1963)  /.  Geophys.  Res.  68,  4305.  (3)  J.  A.  O’Keefe  (1976)  Tektites  and  Timn 
Origin.  Elsevier,  N.Y.  (4)  S.  R.  Taylor  (1973)  Earth  Sci.  Rev  9 101.  (5)  R Brett  and  M 
Sato  (1984)  Geochim.  Cosmochim.  Acta  48,  111.  (6)  G.  Birkhoff  et  al.  (1948) \ J.  Appl. 
Phys.  19,  563.  (7)  J.  M.  Walsh  et  al.  (1953)  J.  Appl.  Phys 24  349.  (8)  W.  A_  Allen  et  al. 
(1959)  Phys.  Fluids  2,  329.  (9)  L.  V.  Alt'schuler  et  al.  (1962)  Sov.  Phys.  JETP  14,  986. 
(10)  F.  H.  Harlow  and  W.  E.  Pracht  (1966)  Phys.  Fluids  9,  1951.  (11)  H.  J.  Melosh  and  C. 
P Sonnet  (1986)  in:  Origin  of  the  Moon  (Hartmann,  Philips,  and  Taylor,  eds.)  L.P.I., 
Houston.  (12)  S.  W.  Kieffer  (1977)  in:  Impact  and  Explosion  Cratering  (Roddy,  Merrill,  and 
Pepin,  eds.)  Pergamon,  N.Y. 
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Jetting:  A Semi-Analytic  Approach 

A.  M.  Vickery  (Lunar  and  Planetary  Lab,  University  of  Arizona,  Tucson,  AZ  85721;  602- 
621-2703) 


Jetting  has  not  received  much  attention  as  a part  of  the  impact  process,  presumably 
because  it  is  of  short  duration  and  involves  very  little  material  relative  to  the  main  excavation 
flow.  It  is  difficult  to  observe  in  detail  experimentally  or  to  resolve  numerically  with 
hydrocodes  designed  to  model  the  main  features  of  an  impact.  Furthermore,  jetting  seems  to 
leave  few  traces  after  the  impact  event  is  over,  with  the  possible  exception  of  tektites  (and 
maybe  the  moon).  A semi-analytic  model  for  jetting  produced  by  the  impact  of  a sphere  on  a 
half-space  has  been  developed.  Variables  include  impact  angle  and  velocity,  impactor  radius, 
and  material.  A linear  equation  of  state  was  employed.  Vapor  and  melt  fractions  were 
estimated  by  assuming  that  material  subjected  to  pressures  of  7.3xl010  Pa,  l.OxlO1 1 Pa,  and 
5.0xl0u  Pa  would  melt,  begin  to  vaporize,  and  completely  vaporize,  respectively,  upon 
release  from  pressure.  The  code  calculates  the  mass  ejected  as  a function  of  time,  along  with 
ejection  velocity,  ejection  angles  (vertical  and  azimuthal),  and  the  fraction  of  jetted  material 
(Fp)that  is  contributed  by  the  projectile.  Mass-averages  for  these  quantities  were  calculated  for 
each  timestep  and  for  the  entire  duration  of  jetting. 

So  far,  calculations  have  been  done  for  a vertical  impact  and  for  an  impact  15°  above 
the  horizontal,  both  with  impact  velocities  of  15  km/sec  and  a 200-m  radius  impactor.  EOS 
parameters  for  dunite  were  used  for  both  projectile  and  target.  For  the  vertical  impact, 
1 .088.x  109  kg  are  ejected,  69.1%  as  vapor  and  the  rest  as  melt.  The  maximum  (=initial)  jet 
velocity  is  42.08  km/sec;  the  overall  mass-averaged  ejection  velocity  is  17.38  km/s.  Jetting 
occured  over  all  azimuths  symmetrically.  Fp  is  initially  -0.45  and  decays  with  time;  the  overall 
average  Fp  is  -0.29.  In  contrast,  jetting  in  the  case  of  the  very  oblique  impact  started  later, 
lasted  longer,  and  ejected  about  5 times  as  much  material.  The  maximum  jet  velocity  was 
24.34  km/sec,  with  an  overall  average  of  -15  km/sec.  As  might  be  expected,  the  jet  was 
concentrated  in  the  down-range  direction:  when  jetting  begins,  the  mass-averaged  ejection 

azimuth  is  ±30°  with  respect  to  the  down-range  direction  and  it  decays  to  ± 5°.  Fp  reaches  a 
maximum  of  almost  0.70,  with  a mass-average  of  0.58. 

These  preliminary  results  indicate  a substantial  increase  in  the  amount  of  material  jetting  as 
impact  angle  decreases  toward  the  horizontal,  but  not  the  spectacular  increase  inferred  by 
Schultz  and  coworkers  from  their  experiments.  The  model  as  currently  developed,  however, 
cannot  treat  an  impactor  and  target  of  different  materials  such  as  were  used  in  the  experiments! 
Whether  tektites  can  be  demonstrated  to  result  from  jetting  depends  on  an  analysis  of  the 
interaction  of  the  jet  with  the  ambient  atmosphere. 
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INTENSE  EARLY  BOMBARDMENT  AND  ITS  EFFECTS  ON  PRIMORDIAL  EARTH 

David  H.  Gr inspoon,  Lunar  and  Planetary  Lab.,  Univ.  of  Arizona,  Tucson, 

AZ  and  Villiam  K.  Hartmann,  Planetary  Science  Institute,  Tucson,  AZ 


The  integrated  mass  flux  necessary  to  accumulate  the  Earth  in  the 
permitted  formation  interval  of  some  10-100  My  yields  an  initial  mass 
flux  4.55  Gy  ago  of  the  order  109  x the  present  flux  (1).  Studies  of  the 
lunar  cratering  record  at  dated  Apollo  and  Lunar  landing  sites  indicate 
that  4.0  Gy  ago,  the  impact  rate  was  roughly  103  x the  present  rate  (2). 
These  figures  correspond  to  a half-life  of  some  24  My,  averaged  over  the 
first  few  hundred  My,  in  the  planetesimal  population,  and  slowly 

lengtheripi^ng  resultS)  we  investigate  the  possibility  that  this 

dramatically  declining  flux  represents  a relatively  smooth  sweepup  of 
planetesimals  left  over  after  Earth’s  formation.  Vethenll  (3)  studied 
the  dynamical  properties  of  leftover  planetesimals  in  an  effort  to  ex- 
plain a hypothetical  terminal  catastrophe,  or  short,  sudden  bombardment 
that  was  once  hypothesized  to  have  occurred  4 Gy  ago.  Although 
Vetherill’s  models  were  aimed  at  explaining  the  supposed  cataclysm,  one 
of  the  models  showed  the  plausibility  of  a relatively  smooth  decline  with 
an  early  half-life  of  20-30  My,  just  as  we  observe.  The  analysis  sug- 
gests that  the  half-life  would  slowly  increase,  as  bodies  are  pumped  up 
into  more  inclined  and  eccentric  orbits  due  to  close  encounters  with 
Earth.  This  matches  the  observations. 

Based  on  these  consistencies  between  the  observed  record  and  the 
dynamical  analysis  of  planetesimal  calculations,  we  attempt  to  recon- 
struct a plausible  impact  rate  for  primordial  Earth  as  a function  of  time 
during  its  first  few  hundred  My. 

The  extremely  high  impact  rates  have  numerous  possible  consequences, 
some  of  which  have  already  been  discussed  elsewhere.  These  include:  a)  a 
giant  impact  of  the  second  largest  body  in  Earth’s  zone,  dislodging  the 
material  that  formed  the  moon  (4);  b)  disruption  of  any  early  homoge- 
neous crust  that  was  forming,  with  impact  basins  causing  thin  spots  in 
some  areas  and  piling  up  crustal  debris  in  pseudo- continental  masses  in 
other  areas  (5) ; c)  exposing  the  hot  mantle  and  helping  to  initiate  con- 
vection and  plate  tectonic  motions  (6);  d)  severe  climatic  consequences 
due  to  the  constant  dust  pall  of  ejecta  (7);  e)  impact  frustration  of 
the  origin  of  life  until  the  impact  rate  declined  (8). 


1.  Hartmann,  V.K.  (1972).  Astrophys.  Space  Sci.  12,  48-64. 

2.  Hartmann,  V.K.  (1980).  Proc.  Conf.  Lunar  Highlands  Crust. 
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4.  Hartmann,  V.K.  and  D.R.  Davis  (1975).  Icarus  24,  504-515. 

5.  Hartmann,  V.K.  (1987).  Proc.  Oxford  Conf.  Growth  Early  Crust. 

6.  Frey,  H.  (1977).  Icarus  32,  235. 

7.  Grinspoon  D.H.  and  C.  Sagan  (1987).  Proc.  Penn  State  Dmv.  Vorkshop 
on  Long-Term  Stability  of  the  Earth  System. 

8.  Maher,  K.H.  and  D.J.  Stevenson  (1987).  Nature  33,  512-614. 
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EFFECT  OF  EARLY  IMPACT  CRATERING  ON  GROVTH  OF  THE  EARTH’S  CRUST 
William  K.  Hartmann  (Planetary  Science  Institute,  Tucson,  AZ  85719) 

Some  models  of  early  evolution  of  Earth’s  crust  have  assumed 
that  all  evolutionary  forces  on  the  early  crust  arose  from  the 
inside  of  the  planet,  an  example  being  tectonic  activity.  Such 
models  might  assume  (for  mathematical  simplicity)  a spherically 
symmetric  primordial  crust  of  uniform  thickness,  eventually  broken 
by  tectonic  forces. 

Such  models  are  too  simple.  Current  work  reveals  an  early 
intense  bombardment  of  Earth  from  outside  the  planet,  by  meteorite 
or  asteroidal  debris  left  over  from  Earth’s  formation.  These 
included  very  large  bodies,  capable  of  making  impact  events  that 
would  affect  continental- scale  or  hemispheric- scale  regions.  Some 
lines  of  evidence  include  (1)  lunar  crater  counts;  (2)  1000- km- scale 
impact  basins  on  the  moon,  older  than  3.9  Gy;  (3)  accretion  of  many 
asteroids  up  to  1000  km;  (4)  the  hemispheric  crustal  asymmetry  of 
Mars,  possibly  affected  by  early  impacts;  (5)  the  currently  favored 
theory  of  lunar  formation  triggered  by  impact  of  a giant  impact  that 
blew  out  much  of  Earth’s  mantle  --  the  debris  from  which  the  moon 
apparently  formed  (Hartmann  and  Davis,  1975,  Icarus ). 

The  impact  rate  necessary  to  accumulate  Earth  and  the  moon 
within  the  permitted  formation  interval  must  have  been  some  10  x 
greater  than  the  present  flux,  during  the  first  few  My  of  Earth’s 
history  (Hartmann  1980,  Proc.  Conf.  Lunar  Highlands  Crust).  Lunar 
crater  counts  show  that  even  500  My  later,  the  flux  was  still  some 
10  x the  present  value.  The  implied  rate  of  decline  is  consistent 
with  the  calculated  sweep- up  of  the  Earth- forming  planetesimals 
during  their  collisions  with  Earth. 

Earth’s  crustal  development  was  affected  in  several  ways. 

Large,  basin- forming  impacts,  scattered  through  the  first  500  My 
excavated  any  crustal  layers  and  piled  up  the  debris  in  rim 
deposits.  Therefore,  primordial  crust  was  not  uniform,  but  patchy, 
and  heterogeneous  in  thickness.  Frey  (1977,  Icarus)  proposed  that 
exposure  of  hot  mantle  at  impact  sites  triggered  more  rapid 
convection  at  these  sites,  initiating  a sort  of  plate  tectonics, 
perhaps  with  thick  regions  of  crustal  ejecta  representing  initial 
continental  blocks. 

Impacts  of  the  scale  of  the  hypothetical  KT  boundary  event 
happened  roughly  annually  during  the  first  few  million  years.  Thus 
there  were  strong  effects  on  climate  and  initial  biochemical 
evolution  (Grinspoon  and  Sagan,  1987,  Proc.  Penn.  State  Workshop  on 
Long-Term  Stability  of  the  Earth  System).  David  Grinspoon  (Univ. 
Arizona)  and  the  author  are  currently  working  on  more  detailed 
models  of  the  intense  impact  rate. 
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PROTRACTED  GLOBAL  CATASTROPHES  FROM  OBLIQUE  IMPACTS;  P.H.  Schultz,  Dept.  Geologi- 
cal Sciences,  Brown  University,  Providence,  Rl  02912  and  D.E.  Gault,  Murphys  Center  of  Planetology. 
P.O.  Box  833,  Murphys,  CA  95247. 

The  hypothesis  that  impacts  caused  major  climate  and  biologic  catastrophes  at  the  end  of  the 
Cretaceous  faces  numerous  paradoxes  including:  evidence  for  protracted  extinctions  (1),  non- 
uniform  but  widespread  dispersal  of  the  meteoritic  signature,  conflicting  evidence  for  oceanic  (2)  and 
continental  (3)  impact  sites,  indications  of  intense  fires  (4),  massive  nitrate  production  (5),  and  the 
absence  of  a putative  crater  of  sufficient  size.  Not  every  known  major  impact  can  be  associated  with 
a biologic  catastrophe  as  extreme  as  at  the  close  of  the  Cretaceous.  Either  a rare  set  of  geologic/en- 
vironmental conditions  is  needed  to  enhance  the  effects  of  a particular  Impact,  or  a rare  but  probable 
impact  condition  must  be  invoked  to  increase  the  climate/biologic  response.  The  latter  alternative  is 
addressed  here  by  exploring  further  the  suggestion  (6,  7)  that  an  oblique  impact  could  significantly 
amplify  normally  cited  vertical  impact.  Cited  collision  rates  implicitly  assume  a 45°  impact  angle.  If  a 
10-km  diameter  impactor  represents  a 40  my  event,  then  a 15°  and  10°  strike  represent  a 300  my 
and  670  my  event,  respectively.  The  fate  of  the  projectile  (physical  state,  fragmentation,  dispersal) 
and  coupling  with  the  atmosphere  are  key  issues  that  are  addressed  here. 

Approach:  Laboratory  experiments  permit  exploring  the  partitioning  of  energy  and  projectile  fate  as  a 
function  of  impact  angle.  Although  such  laboratory  experiments  are  at  small  scale,  they  nevertheless 
establish  the  first-order  relative  effects  of  impact  angle  and  provide  an  important  reference  for  test- 
ing computational  experiments.  Two  series  of  experiments  were  performed  at  the  NASA-Ames  Veti- 
cal  Gun  Range  for  a given  impact  size  (0.635  cm)  and  type  (aluminum):  the  first  varied  impact 
velocity  (2-6.3  km/s)  with  a constant  impact  angle  (15°);  the  second  varied  impact  angle  (2.5-30°) 
with  constant  impact  velocity  (5.5  km/s).  Aluminum  witness  plates  placed  downrange  registered  the 
degree  and  distribution  of  projectile  fragmentation.  Scaling  laws  for  impacts  into  aluminum  over  the 
same  range  of  velocities  (and  including  projectile  size  effects,  8)  permitted  converting  apparent  pit 
diameter  (referenced  to  the  pre-impact  surface)  into  fragment  mass  and  mean  fragment  velocity  by 
an  iterative  solution,  First,  individual  fragment  mass  was  derived  from  pit  diameter  with  the  assump- 
tion that  the  ricochet  velocity  was  equal  to  the  initial  impact  velocity.  The  assumed  impact  velocity 
was  then  reduced  iteratively  until  the  total  calculated  fragment  mass  was  equal  to  the  original  impac- 
tor mass.  This  approach  presumes  that  all  of  the  high-velocity  ricochet  debris  is  comprised  of 
projectile  rather  than  target  fragments.  Previous  studies  indicated  that  at  low  impact  angles  (<30°), 
projectile  fragments  dominate  the  downrange  debris  (9,  10);  hence,  this  approach  establishes  a 
lower  limit  to  the  ricochet  energy  fraction  (KEk/KE;).  The  derived  ricochet  energy  added  to  the 
energy  expended  in  excavating  the  crater  in  sand  (ejecta  plus  compaction)  as  a function  of  impact 
angle  demonstrated  that  total  energy  was  conserved  for  the  given  impact  conditions. 

Fragmentation  of  a given  projectile  (type,  size)  was  first  examined  as  a function  of  specific  energy 
(Q  = KE;/mp=  projectile  kinetic  energy  divided  by  projectile  mass),  thereby  paralleling  analyses  of 
bulk  fragmentation  of  large  bodies  by  small  impactors  (11).  The  percentage  of  fragments  larger  than 
a given  mass  fraction  (mL/mp)  as  a function  of  specific  energy  provides  a measure  of  the  degree  of 
fragmentation.  The  onset  of  fragmentation  should  be  reflected  by  either  the  largest  fragment  mass 
(m  ) or  the  mass  fraction  fragmented  more  than  once  (1-mL/mp).  Derived  cratering  efficiencies  into 
solid  targets  (9)  suggest  that  the  peak  stress  during  impact  varies  as  sin20  where  0 is  the  impact 
angle  from  the  horizontal.  Hence,  the  normal  stress  experienced  by  the  projectile  can  be  given  by 
sin2  0 where  n is  derived  either  empirically  or  from  physical  considerations. 

Results:  Gault  and  Wedekind  (9)  previously  demonstrated  that  projectile  fragmentation  depends  on 
velocity  and  angle  for  a given  projectile  and  target.  The  present  analysis  reveals  two  regimes  of 
failure  resembling  disruption  of  larger  suspended  targets  [12,  13):  limited  and  complete.  Limited 
disruption  of  the  projectile  is  characterized  by  a single,  large  fragment  (>0.3  mp),  whereas  complete 
disruption  is  characterized  by  the  largest  fragment  mass  less  than  about  0.1  m . The  simple  expres- 
sion Qsin20  = 1/2  v2sin20  (i.e.,  n = 1)  was  found  to  accommodate  the  mass-frequency  distribution  of 
small  fragments  (m  /m  < 0.01  m ) for  both  limited  and  complete  disruption.  The  same  function 
accommodated  data  for  the  largest  single  fragment  mass  provided  that  complete  projectile  disruption 
occurred,  i.e.,  0 15°  and  v 4 km/s.  Limited  disruption  characterizing  lower  impact  angles  and 

velocities  required  a larger  exponent,  i.e.,  Qsin69  (n  = 3).  This  latter  result  can  be  shown  to  reflect 
the  combined  effects  of  three  competing  interna!  energy-loss  processes  in  the  projectile  that  cannot 
be  neglected  at  very  low  impact  angles.  First,  the  maximum  vertical  compressive  stress  developed 
at  impact  reduces  as  sin2Q  as  derived  either  from  balancing  observed  energy  expended  in  crater 
excavation  and  kinetic  energy  in  the  ricochet  fraction  or  from  the  impact-angle  dependence  on 
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cratering  efficiency  in  strength-limited  targets.  Second,  a fraction  of  this  transferred  normal  stress, 
however,  will  be  lost  due  to  shear  heating  along  the  projectile/target  interface  and  will  not  be  available 
for  bulk  projectile  disruption.  On  the  basis  of  an  impact-angle  dependence  on  vaporization  of  easily 
volatized  targets  (14),  this  factor  also  depends  on  sin20.  Third,  multiple  fragmentation  and  localized 
spallation  of  the  projectile  further  reduces  the  specific  energy  available  for  complete  catastrophic 
disruption.  The  frequency  distribution  of  the  smallest  fragments  produced  during  limited  disruption 
indicates  a sin20  dependence  as  well.  Hence,  a sin60  dependence  can  be  derived  for  limited  projec- 
tile disruption. 

The  distinction  between  limited  and  complete  projectile  disruption  also  could  be  viewed  as  a 
distinction  between  shock  and  mechanical  failure  at  high  and  low  stress  levels  (and  strain  rates), 
respectively.  Moreover,  conditions  leading  to  projectile  failure  should  resemble  conditions  leading  to 
target  failure.  With  these  two  perspectives,  the  two  disruption  regimes  can  be  compared  with  data 
from  Davis  and  Ryan  (13).  When  complete  shock-controlled  disruption  is  assumed  and  a correction 
factor  for  impedance  matching  is  included,  conditions  for  complete  disruption  (high  v and  0)  lead  to  a 
close  match  between  projectile  disruption  and  target  disruption,  even  with  a factor  of  20  contrast  in 
object  size  and  up  to  a factor  of  60  in  object  strength.  Conditions  leading  to  limited  disruption  (low  v 
and  0),  however,  are  not  accommodated.  For  limited  disruption  largely  controlled  by  mechanical 
failure,  data  for  low  v and  0 are  now  consistent  for  both  data  sets,  whereas  data  for  high  v and  0 are 
not.  A single  expression  can  be  derived  that  incorporates  both  failure  conditions. 

Implications:  At  much  broader  scales,  strain-rate  and  strength  effects  may  be  important  and  need  to 
be  introduced.  Figure  1 has  incorporated  a nominal  case  derived  in  (15)  using  dimensional  analysis 
and  provides  a first-order  range  of  estimates  for  the  largest  fragment  surviving  a 20  km/s  impact  from 
an  initial  10  km-diameter  object  as  a function  of  impact  angle.  At  the  very  least,  Figure  1 indicates 
that  the  projectile  signature  could  be  carried  downrange  ballistically,  rather  than  entrained  in  the 
ejecta.  Because  the  ricochet  angle  is  typically  lower  than  the  impact  angle  (9),  this  fraction  would 
induce  increased  coupling  with  the  atmosphere  and  could  create  a broad,  long,  and  potentially  in- 
tense fire-line  largely  decoupled  from  the  impact  site,  At  sufficiently  low  impact  angles,  a single, 
large  impactor  could  spawn  numerous  smaller  but  still  substantial  ricochet  fragments  impacting  a wide 
range  of  geologic  settings.  From  the  laboratory  analyses,  the  ricochet  velocities  asymptotically  ap- 
proach about  0.5  v with  increasing  impact  velocities  at  a given  impact  angle  (15°).  Consequently 
such  fragments  should  produce  a global  deluge  of  hypervelocity  debris  re-entering  the  atmosphere. 
Because  the  consequences  of  low-angle  impacts  have  not  yet  been  fully  explored,  our  interpreta- 
tions could  be  considered  in  part  speculative.  Nevertheless,  the  mechanics  and  phenomena  of  low 
angle  impacts  are  grossly  different  from  the  nominal  high-angle  impact  scenarios  and  necessitate 
further  serious  study. 
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CATASTROPHIC  IMPACTS  IN  PLANETARY  EVOLUTION,  Clark  R.  Chapman, 
Planetary  Science  Inst.,  Suite  201,  2030  E.  Speedway,  Tucson,  AZ  85719. 

Abstract 

A chief  discovery  from  25  years  of  planetary  exploration  by  spacecraft 
is  the  pervasive  role  played  by  impacts.  Recently  it  has  been  recognized 
that  such  major  features  of  the  solar  system  as  the  high  bulk  density  of 
Mercury  and  the  existence  of  Earth’s  moon  were  caused  by  "worlds  in 
collision/*  Since  that  epoch  of  planetary  formation,  cratering  bombardment 
by  comets  and  asteroids  continues  to  control  the  geology  of  some  planets. 
Even  on  the  tectonically  active  Earth,  rare  large  impacts  — such  as  the 
hypothesized  event  responsible  for  the  Cretaceous-Tertiary  extinctions  — 
continue  to  have  major,  if  sporadic,  effects  on  climate  and  on  biological 
evolution. 

The  cratering  record  from  the  beginning  of  the  late  heavy  bombardment 
until  now  shows  that  the  impact  process  has  always  been  inherently 
"catastrophic”  in  the  sense  that  the  largest,  rarest  impacts  surpass  the 
cumulative  effects  of  all  the  smaller,  more  frequent,  intervening  impacts. 

This  unique  feature  of  the  impact  process,  stretching  over  dozens  of  orders 
of  magnitude  in  energy,  is  due  to  the  -3.5  incremental  power-law  index  that 
is  characteristic  of  a population  of  collisional  fragments.  Observations  of 
lunar  and  planetary  crater  populations,  assessment  of  asteroid  populations, 
and  theoretical  and  experimental  studies  of  cratering  and  fragmentation  all 
confirm  this  trait  of  impactors,  which  guarantees  that  the  energy  and 
volumetric  damage  is  dominated  by  the  biggest  events.  The  same  principles 
apply  to  the  threat  to  our  civilization  posed  by  Earth-approaching  objects, 
such  as  1989  FC,  which  "narrowly"  missed  the  Earth  on  March  23rd. 


477 


LOSS  OF  LARGE  CRATERS  IN  THE  TERRESTRIAL  IMPACT  RECORD  R.W.  Wichman 

and  P.H.  Schultz,  Dept,  of  Geological  Sciences,  Brown  University,  Providence,  RI,  02912. 

INTRODUCTION:  Although  the  Moon  and  Mars  both  preserve  large  impact  structures  over 
200  km  in  diameter,  no  structure  of  this  size  has  been  recognized  on  Earth  and  only  four  impact 
structures  larger  than  100  km  in  diameter  have  been  identified  (1).  Because  most  of  the  Earth  s 
surface  is  significantly  younger  than  surfaces  on  the  Moon  and  Mars,  it  should  be  less  heavily 
cratered.  Nevertheless,  8 to  24  continental  structures  greater  than  100  km  in  diameter  are  ex- 
pected world-wide  (Table  1),  based  on  estimated  terrestrial  impact  flux  rates  (2)  and  observed 
continental  basement  ages.  If  the  average  ocean  floor  age  is  125  Ma,  an  additional  3 to  9 craters 
over  100  km  in  size  would  be  expected  in  the  ocean  basins.  Since  the  impact  flux  has  decreased 
over  time  (3),  the  number  of  continental  impact  structures  in  the  precambrian  terrains  may  be 
much  greater  than  the  above  estimates.  These  observations  prompt  the  question  of  why  more  large 
impact  structures  (>100  km)  have  not  been  recognized  on  Earth.  Erosion  and  sedimentation  can 
obscure  impact  structures,  and  these  effects  have  been  addressed  in  detail  by  Grieve  and  Robertson 
(4).  Large  impacts  also  may  be  unrecognized,  however,  because  of  significant  differences  in  the 
preserved  appearance  from  impacts  of  smaller  size.  This  alteration  in  appearance  could  reflect 
either  later  tectonic/volcanic  modification  or  a change  in  the  nature  of  cratering  at  larger  sizes. 
The  following  discussion,  therefore,  first  contrasts  the  modification  of  the  largest  observed  ter- 
restrial structures  with  observations  from  Mars  and  the  Moon,  and  then  considers  possible  changes 
in  crater  expression  as  the  transient  cavity  size  exceeds  the  lithospheric  thickness,  thereby  com- 
plicating simple  analogies  with  smaller  structures. 

DISCUSSION:  Large  terrestrial  craters  are  best  preserved  in  regions  of  stable  continental  crust 
and  only  one  of  the  8 largest  terrestrial  craters  does  not  lie  in  a cratonic  or  shield  unit  (Table  2). 
The  two  largest,  Sudbury  and  Vredefort,  are  both  estimated  to  be  "140  km  in  diameter  and  are 
aiso  the  two  oldest  identified  impact  structures,  although  sufficient  anomalous  features  relative  to 
traditional  impact  models  occur  in  both  structures  that  endogenic  as  well  as  impact  origins  have 
been  proposed  (5,6,7).  Of  the  two  structures,  Vredefort  is  the  least  altered  by  regional  tectonism, 
but  erosion  has  removed  most  of  the  surface  structure  to  expose  the  underlying  central  uplift  of  the 
lower  crust.  In  contrast,  Sudbury  has  been  heavily  faulted,  lilted  and  foreshortened,  but  preserves 
a significant  section  of  the  interior  basin-filling  deposits.  Both  craters  should  have  excavated  sig- 
nificant sections  of  the  crust,  but  do  not  appear  to  have  penetrated  the  local  crustal  section.  At 
Vredefort  the  exposed  central  uplift  represents  a vertical  crustal  section  some  12-15  km  thick  (8), 
while  isotopic  studies  of  the  Sudbury  Igneous  Complex  indicate  a melt  source  above  the  mantle  in 
the  lowermost  crust  (9).  The  primary  difference  between  the  two  impact  sites  appears  to  be  the 
tectonic  environment  at  the  time  of  impact;  Vredefort  lies  in  a depositional  oasin  in  the  craton 
interior  (5,6),  while  Sudbury  formed  on  an  accreting  craton  edge  during  the  Penokean  orogeny 
(10).  Two  questions  arise  from  these  observations:  why  are  structures  excavating  to  mantle  depths 
not  recognized  on  Earth,  and  what  is  the  role  of  cratonic  regions  in  preserving  large  impact  struc- 
tures? 

Several  processes  can  localize  deformation  around  large  impact  craters.  On  Mars,  isostatic 
adjustment  and  lithospheric  loading  following  the  largest  oasin  impacts  lead  to  a characteristic 
sequence  of  radial  and  concentric  fracture  sets  that  control  later  volcanic  conduits  (11,12).  On  the 
Moon,  large  mare  basins  have  features  comparable  to  those  in  the  martian  basins,  but  a much 
smaller  crater  40  km  in  diameter  (Haldane)  also  exhibits  similar  radial  and  concentric  fracture 
patterns  and  associated  volcanic  features  (13).  Application  of  analytical  flexural  models  to  these 
Haldane  fractures  requires  a local  mechanical  lithosphere  less  than  10  km  thick  for  crater-filling 
loads.  Since  Haldane  formed  during  local  mare  volcanism  and  most  lunar  craters  of  the  same  size 
show  no  sign  of  similar  modification,  it  appears  that  such  extensive  modification  requires  a locally 
high  heat  flux  and  thin  lithosphere  accompanying  regional  mare  volcanism.  Because  isostatic 
adjustment,  lithospheric  loading  and  regional  volcanism  are  also  typical  terrestrial  processes,  large 
impact  structures  (>100  km)  on  the  Earth  should  be  even  more  conducive  to  such  modification 
than  Haldane.  The  tectonically  derived  elliptical  outline  and  concentric  and  radial  volcanic  dike 
patterns  around  Sudbury,  in  fact,  may  be  a more  typical  pattern  for  large  terrestrial  impacts  than 
Vredefort  with  its  simple  circular  uplift  and  overturned  collar.  With  this  model,  the  preferential 
identification  of  craters  in  the  cratonic  regions  reflects  the  reduced  heat  flows  and  geologic  activity 
of  these  regions  that  would  tend  to  limit  such  modification. 

Recent  studies  of  multi-ring  basins  on  Mars  and  Callisto  (11,12,14,15)  also  indicate  that  the 
nature  of  impac. -induced  fracturing  may  change  at  large  crater  sizes  as  the  transient  cavity  size 
approaches  the  lithospheric  thickness.  Transient  cavities  penetrating  an  elastic  layer  to  an  underly- 
ing viscous  region  can  induce  concentric  lithospheric  fracture  to  great  distances  beyond  the  crater 
rim.  Such  a process  has  been  proposed  for  both  the  formation  of  the  extensive  ring  scarp  system 
around  Valhalla  on  Callisto  (14.15)  and  the  concentric  canyons  around  the  Hellas  basin  on  Mars 
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over  600  km  outside  the  outer.  Cordillera-equivalent  scarp  (12).  For  extremely  low  underlying 
viscosities,  this  mechanism  predicts  complete  disruption  of  the  lithosphere  (14),  thereby  providing 
a mechanism  for  effectively  masking  or  even  destroying  the  largest  terrestrial  impact  structures. 
Impact  structures  smaller  than  some  critical  size  defined  by  the  elastic  layer  thickness,  however, 
should  be  unaffected  by  such  modification.  If  a 5:1  transient  cavity  diameter/depth  ratio  is  as- 
sumed, typical  flexural  thicknesses  for  oceanic  and  continental  lithospheres  imply  maximum 
preserved  crater  diameters  of  150-250  km  and  -300  km  respectively,  over  twice  the  size  of  the 
largest  observed  structures.  If  the  elastic  layer  instead  reflects  crustal  thicknesses,  then  a maximum 
preserved  diameter  of  150-200  km  (continental)  and  -50  km  (oceanic)  would  be  expected  These 
values  are  consistent  with  the  absence  of  identified  mantle-excavating  impacts  and  would  place  the 
Sudbury  and  Vredefort  structures  near  the  limit  of  expected  crater  sizes.  . . 

Reduction  in  elastic  layer  thickness  to  a value  near  that  of  the  crustal  thickness  has  several 
possible  causes.  First,  reduced  lithospheric  thicknesses  would  be  expected  in  the  past  due  to  in- 
creased radiogenic  and  convective  heat  fluxes  (16).  Second,  the  elastic  layer  in  the  impac  en- 
vironment, due  to  shock  effects  and  impact  heating,  may  not  correspond  directly  to  a flexural  y or 
thermally  defined  lithosphere.  In  either  case,  preservation  of  large  craters  would  be  less  likely  in 
regions  of  high  heat  flow  and  thus  the  preferential  identification  of  large  craters  in  cratomc  regions 
would  reflect  the  reduced  heat  flows  typical  of  these  regions.  More  poorly  preserved  structures  like 
Sudbury  would  be  predicted  for  impacts  into  thermally  active  regions.  . . . 

CONCLUSIONS:  Only  a fraction  of  the  expected  number  of  large  (>100  km)  terrestrial  im- 
pact structures  have  been  identified  and  those  which  are  recognised  are  preferentially  located  in 
cratonic  shield  regions  where  they  have  not  penetrated  the  local  crustal  sections.  We  propose  that 
two  processes,  in  addition  to  erosion  and  sedimentation,  may  help  to  account  for  the  other  un- 
recognized impact  structures.  First,  large  impacts  should  be  preferred  sites  for  tectonic  and  vol- 
canic modification;  the  original  impact  origin  of  some  tectonic/volcanic  centers  may  thus  have 
been  obscured.  Second,  the  absence  of  mantle-excavating  structures  in  the  identified  impact 
record  mav  reflect  an  increased  disruption  of  the  lithosphere  associated  with  impacts  wnose  tran- 
sient cavities  penetrated  to  viscous  rheologies  at  depth.  Ongoing  theoretical  models  may  help  to 
characterize  possible  diagnostic  clues  for  focussing  further  study  of  these  modification  processes. 
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TABLE  J;  PREDICTED  IMPACTS  ON  CONTINENTAL  SURFACES 
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TABLE  2:  THE  8 LARGEST  TERRESTRIAL  IMPACT  STRUCTURES 


NAME 

SIZE  (km) 

AGE  (Ma) 

GEOLOGIC  SETTING 

Sudbury 

-140 

1850 

Canadian  Shield 

Vredefort 

140 

1970 

kapvaai  craion.  S.  Africa 

Mamcouagan 

100 

210 

Canadian  Shield 

Poptgn 

100 

39 

\nabar  Shield,  Siberia 

Puchez-Kaiunki 

SO 

183 

central  Ruuitn  craion 

Kara 

60 

57 

coaxial  sediments,  USSR 

Siljan 

52 

368 

Baltic  Shield.  Sweden 

Ch  arte  vo  ix 

46 

360 

Canadian  shield  eege 
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AN  IMPACT  INTERPRETATION  OF  THE  PROTEROZOIC  BUSHVELD-VREDEFORT  COMPLEXES 
SOUTH  AFRICA 

Wolfgang  E.  Elston,  Department  of  Geology,  University  of  New  Mexico, 
Albuquerque,  New  Mexico  87131,  and  David  Twist,  Institute  for  Geological 
Studies  of  the  Bushveld  Complex,  University  of  Pretoria,  Pretoria  0002 
South  Africa. 


Bushveld  Complex  and  Vredefort  Dome  (Fig.  1)  are  unique  and 
penecontemporaneous  (~  2.0  - 2.1  Ga) ; both  show  evidence  of  catastrophic 
events  in  the  shallow  marine  environment  of  the  otherwise  stable  Kaapvaal 
Craton.  Explanation  by  multiple  impacts  of  an  asteroid  brecciated  by  an 
inter-asteroidal  collision  and  disintegrating  in  Earth's  gravity  field  (1, 
2)  is  supported  by  pseudotachylite,  shatter  cones,  coesite,  and  stishovite 
at  Vredefort  (3,  4,  5)  but  these  shock  phenomena  have  not  been  found  in  the 
Bushveld  Complex  (6) . The  Bushveld  Complex  was  formerly  interpreted  as  a 
lopolith  (Fig.  2),  a view  incompatible  with  gravity,  electrical  resistivity 
magnetic,  and  seismic-reflection  data  (7,  8,  9,  10,  11).  It  is  outlined  by 
at  least  three  inward-dipping  lobes  of  layered  ultramaf ic-to-maf ic  plutonic 
rocks  (Rustenburg  Layered  Suite,  RLS , labelled  Layered  Mafic  Sequence  on 
Fig.  1)  that  partly  coalesce  to  form  a basin-like  feature  400  km  in  diamete 
and  65,000  km^  in  area,  equivalent  to  a small  lunar  mare  (Figs.  1,  2).  RLS 
and  underlying  sedimentary  rocks  (Transvaal  Sequence)  end  abruptly  below 
11-13  km.  The  interior  of  the  basin(s)  consist (s)  of  one  or  more  basement 
domes  (Fig.  2),  which  lend  credence  to  the  interpretation  of  the  Vredefort 
dome  as  a deeply  eroded  Bushveld  outlier  (2).  By  the  impact  interpretation 
the  central  dome(s)  correspond  to  uplifted  floor (s)  of  one  or  more 
coalescing  primary  craters.  Shock  features  could  be  expected  there  but  the 
Bushveld  domes  are  covered  (unlike  the  Vredefort  dome,  where  shock  features 
do,  in  fact,  occur).  Between  the  inward-dipping  Transvaal-RLS  succession 
and  the  central  dome(s)  there  is  a collar  of  disturbed  pre-Bushveld  rocks 
(11).  The  collar  is  inferred  to  include  two  "fragments"  of  folded  and 
cataclasized  Transvaal  sediments.  Crocodile  River  (Assen  on  Fig.  1)  to  the 
west  and  Marble  Hall-Stavoren  to  the  east.  Originally  interpreted  as  roof 
pendants  or  floated  xenoliths  in  a lopolith,  the  fragments  were  interpreted 
by  Rhodes  (2)  as  central  peaks  of  separate  impact  craters.  By  the  present 
impact  interpretation,  they  are  parts  of  the  rim  and  flanks  of  a complexly 
modified  and  enlarged  crater.  This  explains  intense  deformation  below  the 
level  of  shock  raetamorphism  (13). 

The  Bushveld  Complex  is  orders  of  magnitude  larger  than  other  proposed 
terrestrial  impact  structures  and  differs  from  them  in  important  ways.  Its 
principal  members,  in  order  of  age,  are  Rooiberg  Felsite,  RLS,  and  Lebowa 
Granite.  Roiberg  Felsite  (initial  volume  200,000  - > 300,000  km3;  12),  the 
largest  mass  of  related  volcanic-like  rocks  on  Earth,  may  hold  the  key* to 
its  origin.  Its  volume  is  ~20%  of  the  Bushveld  Complex,  far  more  than 
impactite  meltrock  of  known  astroblemes.  (<  5%;  14).  No  calderas  or  other 
eruptive  centers  are  known.  It  could  be  explained  by  excavation  of  the 
Earth's  crust  to  isotherms  above  the  ambient-pressure  solidus  of  granite 
(-30  km) ; added  kinetic  energy  of  impact  would  explain  textural  and 
mineralogical  evidence  for  quenching  from  unusually  high  temperatures 
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(skeletal  clinopyroxene , swallow-tail  plagioclase,  quartz  needles  paramorph 
after  primary  tridymite,  etc.)  Repeated  water  influxes  account  for 
explosive  volcanism  (including  ignimbrites  and  rheoignimbrites  in  the  upper 
part)  and  complicated  stratigraphy,  including  multiple  flows,  zones  of 
accretionary  lapilli,  mudflows,  and  sedimentary  interbeds  (15).  Principal 
deformation  of  the  sedimentary  floor  occurred  between  times  of  the 
deposition  of  the  Transvaal  Sequence  and  emplacement  of  Rooiberg  Felsite. 
Petrography  and  field  relations  show  transitions  from  felsite  to  sedimentary 
rocks  that  were  metamorphosed  (sanidine  facies,  stability  field  of 
tridymite)  or  partly  melted.  Geochemical  mixing  models  for  major  and  trace 
elements  show  that  the  high-Mg  group  of  felsites,  confined  to  the  lower  part 
of  the  section  (15),  closely  resemble  a mixture  of  64.5%  average  Archean 
basement  and  35.5%  sedimentary  rocks  of  the  Transvaal  Sequence  (shale, 

22.0%;  quartzite  6.5%,  dolomite  1.8%;  banded  iron  formation,  5.2%).  Other 
chemical  varieties  (low— Mg  and  high-Fe)  have  more  complex  characteristics. 
RLS  intruded  along  the  unconformity  between  Transvaal  Sequence  and  Rooiberg 
Felsite;  by  the  impact  hypothesis  it  represents  partial  mantle  melts  induced 
by  deep  fracturing  near  the  crater  wall.  Remaining  siliceous  melts 
equilibrated  with  the  crust  to  form  anatectic  granitic  melts,  mainly 
intruded  as  sheets  of  Lebowa  Granite  along  RLS— Rooiberg  contacts  (16) • 

The  Bushveld-Vredefort  events  occurred  during  the  interval  from  neutral 
or  reducing  atmosphere  to  oxidizing  atmosphere  (uraninite-  and 
pyrite— bear ing  pre— Bushveld  sedimentary  rocks;  post— Bushveld  redbeds  of  the 
Loskop  Formation;  (17).  This  transition  is  usually  related  to  the  evolution 
of  photosynthesizing  organisms  (18).  If  the  impact  hypothesis  for  Bushveld- 
Vredefort  can  be  confirmed,  it  may  represent  a global  catastrophe  sufficient 
to  contribute  to  environmental  changes  favoring  anaerobic  photosynthesizing 
eukaryotes  over  aerobic  prokaryotes. 
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Figure  1.  Generalized  geologic  map  of  the  bushveld  Vredefort  Complex,  South 
Africa*  From  Rhodes  (1975).  A = Crocodile  River  - Rooiberg,r  (Assen) 
"fragment;”  M =*  Marble  Hall  - Stavoren  "fragment;"  V:  Vredefort  do'me. 

Figure  2 INTERPRETATIONS  OF  BUSHVELD  COMPLEX 
(a)  Impact  Structure 

Rooiberg-Crocodile  River  Marble  Hall-Stavoren- 

Fragment  Dennilton  Dome  Fragment 


? 

Cartoon  by  W.E.  Elston 

Based  on  Meyer  and  de  Beer  (1987),  Kleywegt  and  du  Plessis  (1986) 
du  Plessis  and  Kleywegt  (1987),  du  Plessfs  and  Levitt  (in  press); 
Unpublished  Data  oy  F.  Hartzer,  J.  Schweitzer,  D.  Twist; 

Sharpe  and  Chadwick  (1982) 

(b)  Lopolith 


After  Willemse  (1969) 
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THE  EROSIONAL  STATE  AND  STYLE  OF  METEOR  CRATER,  ARIZONA;  J.A. 
Grant  and  P.H.  Schultz,  Brown  University,  Providence,  RI  02912. 

INTRODUCTION:  Preliminary  results  from  study  of  the  gradational  history  of  the  20,000  to 
30,000  year  old  (1,2)  Meteor  Crater  in  northern  Arizona  indicate  that  minimal  erosion  has  affected 
both  the  present  near-rim  and  more  distal  ejecta.  Most  of  the  observed  erosion  of  the  ejecta  occurred 
during  the  early  history  of  the  crater.  The  various  styles  and  estimated  rates  of  gradation  in  the  ejecta 
indicate  that  eolian  and  fluvial  run-off  processes  have  dominated  and  that  erosion  by  sub— surface 
drainage  and  mass  wasting  has  been  insignificant.  These  results  provide  evidence  that  Meteor  Crater 
ejecta  retains  an  essentially  pristine  form.  This  interpretation  contrasts  (but  may  not  conflict)  with 
inferences  drawn  from  previous  studies  that  estimate  considerable  erosion  of  the  slope-sensitive  near 

rim  region  (1-3). 

EROSIONAL  STATE:  Several  independent  observations  provide  information  regarding  the 
erosional  state  of  the  crater  including:  A)  drainage  systems/densities;  B)  the  occurrence/morphology 
of  ejecta  blocks  (>10  to  20  cm);  C)  the  occurrence  of  ejecta  remnants;  D)  surface/subsurface  grain 
size  comparisons;  E)  vegetation;  and  F)  the  occurrence/morphology  of  small  secondary  craters. 

Dissection  of  the  ejecta  has  occurred  within  -75  small  drainage  basins  located  on  the  flanks  of  the 
crater  that  are  drained  by  intermittent  gullies  which  head  along  the  rim-crest.  Divides  between  ad- 
jacent basins  are  usually  defined  by  topographic  variations  in  the  primary  ejecta.  Gullies  are  generally 
incised  to  depths  of  less  than  1 to  2 m and  in  many  cases  have  produced  alluvial  fans  at  the  base  of 
the  outer  rim.  The  drainage  density  around  the  crater  out  to  0.6  R from  the  rim  is  8.6  km/km2. 
Although  the  volume  of  material  contained  in  the  alluvial  fans  and  that  which  has  been  transported 
beyond  is  not  yet  well  constrained,  both  the  small  size  of  the  gullies  and  an  absence  of  morphology 
indicating  large  amounts  of  erosion  along  their  courses  suggest  little  modification  of  the  basins.  Many 
of  the  alluvial  fans  are  presently  inactive  as  demonstrated  by  preliminary  surface  vs.  subsurface  grain 
size  data,  detailed  study  of  soils  developed  on  their  surfaces  (1),  and  the  paucity  of  small-scale  flow 
related  features.  Study  of  soil  development  (1)  indicates  that  the  inactive  fans  formed  mainly  during 
the  Pleistocene.  Holocene  fluvial  processes  have  been  confined  primarily  to  within  the  gullies  and 
have  resulted  in  incisement  of  the  older  Pleistocene  fans  and  more  distal  deposition. 

The  concentration  of  large  blocks/volume  exposed  in  gullies  appears  to  reflect  in  situ  erosion  of 
finer  material  and  is  not  distinguishable  from  block  concentrations  observed  in  pits  dug  into  pristine 
ejecta  and  on  undissected  surfaces.  In  addition,  large  blocks  exposed  at  the  surface  do  not  display 
enhanced  relief  relative  to  their  surroundings.  These  observations  place  limits  on  the  total  amount  of 
ejecta  removed  and  indicates  minimal  erosion.  Although  surface/subsurface  block  abundance  is  rela- 
tively constant  at  a given  radius  from  the  crater  rim  the  total  block  abundance  appears  to  decrease 
with  increasing  radius. 

Field  investigations  also  have  revealed  occurrences  of  ejecta  in  erosionally  sensitive  locations.  A 
small  lobe  of  ejecta  superposes  a pre-existing  WSW-ENE  oriented  ridge  of  Moenkopi  sand/siltstone 
located  -1  km  (-2  R)  from  the  crater  rim.  Preservation  of  such  a subtle  primary  ejecta  feature  in  an 
exposed  site  requires  minimal  erosion.  Preliminary  analysis  of  surface  vs.  subsurface  grain  size  data 
from  this  ejecta  lobe  suggest  that  only  10  to  20  cm  of  erosion  has  occurred,  thereby  supporting  this 
conclusion.  The  contrast  between  the  uprange  ejecta  lobe  and  a downrange  shadow  from  the 
Moenkopi  ridge  adds  further  support  to  a well  preserved  state.  Similar  grain  size  comparisons  of 
near-rim  materials  suggests  even  less  erosion  there.  Even  these  minor  amounts  of  erosion  have 
produced  a coarse  grained  surface  lag  of  relatively  unweathered  material  in  most  locations. 

Vegetation  presently  growing  on  the  crater  shows  little  evidence  of  windward  scour  of  ejecta  from 
roots  areas  and  few  examples  of  leeward  deposition.  Some  trees  growing  on  the  ejecta  are  >700  years 
old  (4),  thereby  limiting  erosion  over  this  time  to  at  most  "10  cm.  Exceptions  to  these  observations 
occur  in  sandy  areas  along  southeast  portions  of  the  outer  rim  where  some  grasses/bushes  occur  on 
-10  cm  to  20  cm  topographic  highs.  It  is  not  known  if  these  small  rises  reflect  sediment  trapping  or 
deflation  of  adjacent  materials.  Because  this  area  has  served  as  a major  souce  of  material  to  the 
windstreak  (a  veneer  of  well  sorted  sand  extending  northeast  of  the  crater  generally  less  than  50  cm 
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thick  thinning  distally),  local  deflation  is  more  likely  responsible  for  their  origin.  Trapping  of  alluvial 
material  by  vegetation  higher  along  the  rim  in  the  same  area  has  produced  some  minor  terracing. 

Several  ejecta  blocks  ranging  from  1 m to  3 m have  been  found  in  shallow,  rimmed  depressions  2 
m to  5 m in  diameter  with  rim-crest  depths  about  0.5  m.  Blocks  spalled  off  the  Kaibab  limestone 
ejecta  during  formation  of  these  small  craters  can  be  easily  traced  to  their  original  position  and  show 
little  evidence  for  chemical  dissolution.  The  degree  of  preservation  is  consistent  with  an  interpretation 
that  these  are  preserved  secondary  craters,  formed  by  high-angle  ejecta  late  in  the  cratering  process 
(5). 

EROSIONAL  STYLE:  Analysis  of  alluvium  in  the  drainage  gullies  and  in  the  alluvial  fans 

demonstrates  that  grain  sizes  smaller  than  about  20  mm  are  efficiently  transported;  fragments  up  to  15 
cm  to  20  cm  are  infrequently  carried.  Surface  flow  rates  outside  of  the  gullies  will  be  controlled  by 
local  topography/roughness  and  reduce  the  size  of  transportable  material.  Preliminary  data  indicate 
that  fluvial  transport  of  materials  not  associated  with  the  gullies  is  limited  to  grain  sizes  ~3.0  to  4.0 
mm.  Grain  size  data  from  the  windstreak  demonstrate  that  eolian  processes  remove  material 
predominantly  less  than  0.25  mm,  but  as  large  as  0.5  mm.  Therefore,  both  fluvial  and  eolian 
processes  are  capable  of  transporting  fine-grained  material  (<0.5  mm  to  0.25  mm)  from  around  the 
crater.  Larger  fragments  are  carried  by  fluvial  processes.  A paucity  of  evidence  expected  to  be 
produced  by  long-term  chemical/physical  weathering  of  the  ejecta  indicates  that  there  has  been  little 
in  situ  breakdown  of  material  and  that  erosion  is  soley  responsible  for  removal  of  the  ejecta.  There  is 
little  evidence  of  modification  on  the  outside  of  the  crater  by  mass  wasting  processes. 

Three  observations  indicate  that  fluvial  erosion  of  the  ejecta  has  been  dominated  by  processes 
related  to  surface  run-off  and  that  erosion  by  groundwater  sapping  processes  is  insignificant.  First, 
drainage  density  calculations  of  8.6  km/km2  indicate  that  the  ejecta  beyond  the  crater  rim  is  well 
drained  by  surface  run-off  of  precipitation.  Second,  preliminary  estimates  of  the  subsurface 
hydraulic  conductivity  of  the  ejecta  indicate  moderate  permeability;  hence,  flow  properties  are  equiv- 
alent to  an  aquifer  comprised  of  fine-grained  sand  (6).  Finally,  there  is  an  absence  of  characteristic 
sapping  features  around  the  crater  and  there  appears  to  be  few  aquicludes  within  the  ejecta  capable  of 
producing  the  necessary  lateral  flow  of  groundwater. 

Erosion  of  ejecta  around  Meteor  Crater  over  at  least  the  past  700  to  800  years  (and  probably 
under  present  climatic/vegetation  conditions)  has  been  minimal  as  demonstrated  by:  A)  stability  of 
the  ejecta  around  the  roots  of  vegetation  in  excess  of  700  years  old  (4);  B)  the  vegetated  nature  of  the 
windstreak;  and  C)  inactive  alluvial  fans.  As  further  illustration,  field  work  was  conducted  during  a 
period  when  winds  were  measured  in  excess  of  40  to  50  mph,  yet  insignificant  amounts  of  eolian 
transport  occurred.  Numerous  nearly  transparent  dust-devils  were  also  observed  over  the  ejecta 
which  did  not  loft  dust  and  sand.  The  conclusion  that  minimal  erosion  has  occurred  during  the  late 
history  of  the  crater  is  consistent  with  evidence  from  the  crater  interior  (1). 

CONCLUSIONS:  Both  the  near-rim  and  distal  ejecta  around  Meteor  Crater  have  remained 
remarkably  unmodified  by  gradational  processes.  The  coarse  grained  surface  lag  of  unweathered 
material  resulting  from  small  amounts  of  erosion  creates  an  armor  that  effectively  protects  underlying 
ejecta  and  is  in  disequilibrium  with  regional  gradational  rates  and  processes.  Erosion  appears  to  have 
been  more  active  in  the  past  than  at  present  and  has  been  dominated  by  eolian  processes  and  fluvial 
processes  related  to  surface  run-off.  Future  work  will  provide  more  detailed  and  better  constrained 
estimates  of  the  rates  and  styles  of  erosion  at  specific  locations  around  the  crater.  It  is  hoped  that  the 
results  of  this  study  can  be  applied  to  gradational  studies  of  other  terrestrial  and  possibly  martian 
impact  craters  in  an  effort  to  understand  their  erosional  histories. 
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Washington,  D C.,  480p. 


484 


EFFECTS  ON  AMBIENT  MAGNETIC  FIELDS  AND  PLASMA  OF  THE  EXPANDING  VAPOR 
CLOUD  PRODUCED  IN  LUNAR  BASIN-FORMING  IMPACTS 

L.  L.  Hood  and  Z.  Huang,  Lunar  and  Planetary  Laboratory,  University  of  Arizona,  Tucson,  Arizona 

85721. 


Introduction:  Previous  theoretical  and  experimental  work  has  shown  that  vaporization  of  projectile  an 
target  material  occurring  in  hypervelocity  (>  10  km/s)  impacts  results  in  the  formation  of  a ^erma  ly 
expanding  plasma  cloud  that  may  produce  significant  magnetic  effects  (l).  More  recent  exP«r™en  a st 
of  vapor-producing  impacts  (2)  have  established  that  transient  magnetic  fields  are  observed  that  fall  in 
major  classes:  (i)  fields  generated  intrinsically  within  the  plasma  cloud  as  a result  of  non-a  igned  thermal  and 
density  gradients;  and  (ii)  fields  generated  by  currents  induced  near  the  surface  of  the  cloud  as  it  expands 
into  the  ambient  geomagnetic  field.  Although  the  former  class  of  fields  may  contribute  substantiaUy  to  the 
small-scale  magnetization  of  lunar  surface  materials,  scaling  arguments  indicate  that  their  amplitudes 
be  reduced  in  large  events  because  of  decreased  overall  thermal  gradients  (1).  This  is  consistent  with  the 
general  absence  of  a direct  correlation  between  lunar  orbital  magnetic  anomalies  and  impact  crater  locations 
including  those  of  mare  craters  down  to  a few  km  in  size  (3).  Interaction  of  the  plasma  cloud  with  ambient 
(e.g.  solar  wind)  magnetic  fields  and  plasma  provides  the  major  alternate  mechanism  for  producing  strong, 
large-scale  fields  that  may  have  been  responsible  for  a large  component  of  lunar  paleomagnetism. 

According  to  a proposed  model  (4),  external  magnetic  fields  and  plasmas  may  have  been  especially 
concentrated  for  a transient  time  interval  in  the  zone  antipodal  to  large  impacts  due  to  convergence  of  he 
impact  plasma  cloud.  Shock  effects  (due  to  convergence  of  seismic  waves  and/or  secondary  impacts  in  the 
presence  of  the  enhanced  magnetic  fields  may  have  produced  relatively  strong  and  coherent  magnetization 
in  basin  antipode  zones  that  could  be  responsible  for  the  largest  magnetization  concentrations  mapped  from 

lunar  orbit  (5). 

Model  Calculations:  In  the  work  reported  here,  initial  three-dimensional  model  calculations  are  reP°^d  °f 
the  expansion  and  interaction  with  the  Moon  of  a basin-scale  impact  plasma  cloud.  Shown  m the  figure 
a time  sequence  of  plots  of  mass  density  resulting  from  a simplified  numerical  calculation  of  the  expansio 
of  a representative  cloud  using  initial  conditions  (mass  density,  total  mass,  internal  energy  densi  y)  approx- 
imately appropriate  for  a 15  km/s  normal  impact  of  a 100  km  radius  gabbroic  anorthosite  impactor  on  o a 
gabbroic  anorthosite  lunar  surface  (6).  A two-dimensional  hydrodynamic  code  (made  three-dimensional  by 
the  assumption  of  axial  symmetry)  was  used  in  an  Eulerian  mode  on  a cylindrical  grid  (7).  In  each  plot, 
the  central  circular  disk  represents  the  Moon  and  the  outer  shaded  contour  of  the  cloud  corresponds  to  a 
mass  density  of  10-“  g cm"3.  The  first  plot  is  for  a time  of  64.4  seconds  after  impact  The  second  is  for 
a time  of  456  seconds.  The  initial  vertical  grid  size  was  21.7  km  but  was  increased  by  a factor  of  two  after 
expansion  of  the  cloud  to  a size  comparable  to  the  lunar  radius.  Results  are  nearly  insensitive  to  further 
reductions  in  grid  size.  Limitations  of  the  calculation  include  the  neglect  of  the  interaction  of  the  expanding 
gas  with  solid  and  liquid  ejecta,  neglect  of  radiative  energy  loss,  and  use  of  an  ideal  gas  equation  of  state  so 
that  partial  recondensation  of  the  vapor  is  not  accounted  for.  The  most  serious  of  these  appears  to  be  the 
latter  and  an  effort  is  currently  being  made  to  account  for  recondensation  using  a more  realistic  equation 
of  state.  However,  uncertainties  regarding  actual  impact  angle  of  incidence,  size,  velocity,  and  composition 
for  a given  lunar  basin  impactor  are  sufficiently  large  that  no  major  qualitative  revisions  are  expected  of  the 

current  results.  _ 

As  seen  in  Fig.  lb,  the  outer  periphery  of  the  cloud  begins  to  approach  the  antipode  after  a time  of 
450-500  s for  the  chosen  initial  conditions.  This  time  is  of  the  same  order  as  for  propagation  of  compressive 
seismic  waves  through  the  Moon  (400  - 500  s)  and  is  significantly  less  than  that  for  the  arrival  of  basin 
secondaries  (30  to  50  minutes).  Thus  shock  effects  of  converging  seismic  waves  in  basin  antipode  zones  may 
be  a primary  candidate  for  producing  the  observed  magnetization,  provided  that  a strong  magnetic  field 
enhancement  occurs  in  the  same  zones.  This  would  be  consistent  with  a weak  statistical  correlation  that 
is  known  to  exist  between  electron  reflection  anomalies  and  seismically  modified  terrain  in  basin  antipode 

zones  (8). 

Interaction  with  Ambient  Fields  and  Plasmas:  As  the  cloud  expands,  a shock  wave  will  form  between  the 
periphery  of  the  cloud  and  any  ambient  plasma  with  an  embedded  magnetic  field.  In  the  usual  case  when 
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the  Moon  is  in  the  solar  wind,  the  interaction  will  resemble  that  between  a planetary  ionosphere  and  the 
—of  rPt  f°r  the  eXp“slon  of  the  obstacle  in  the  present  case.  As  the  impact  cloud  expands  around 
^closed  by  the  bow  shock  will  include  the  antipodal  .one  so  that  the  external  plasma 

theater  "'t  66  d '"I  ? *°ne  W‘  ***  rektiv*ly  BtaKnant.  For  this  reason,  the  compression  of 

^e  external  medium  in  the  antipodal  .one  can  be  modeled  to  a first  approximation  by  assuming  that  the 

Moon  u initially  surrounded  by  a stagnant  plasma  with  thermal  and  magnetic  properties  similar  to  that  of 
the  solar  wind  plasma  In  the  actual  solar  wind,  /?,  the  ratio  of  thermal  to  magnetic  pressure  is  usually  less 
unity  ^t  varies  to  values  above  and  below  unity.  As  an  initial  calculation,  we  make  the  simplifying 
assumption  that  f)  is  greater  than  unity  so  that  a purely  hydrodynamic  numerical  code  can  be  used  to  model 

from  aS/a  -Tav  iynamnT  “*  f akPP;°Ximati0n-  The  chan««  in  th*  magnetic  field  is  then  calculated 

from  dB /at  - V X (v  x B)  using  the  hydrocode  velocity  field.  Although  these  calculations  are  still  in 

Si  r;  ,W  fi,ld  <he  antipodal  lone  » expected  from 

considerations  based  mamly  on  conservation  of  flux  (4). 
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MAGNETIC  PROBING  OF  EARLY-TIME  IMPACT  PHENOMENA.  D.  A.  Crawford  and  P.  H.  Schultz, 
Dept,  of  Geological  Sciences,  Brown  University,  Providence,  Rl  02912  and  L.  J.  Srnka,  Data  Manage- 
ment and  Interpretation  Division,  Exxon  Production  Research  Co.,  Houston,  TX  77001. 

Laboratory  hypervelocity  impact  experiments  conducted  at  the  NASA  Ames  Vertical  Gun  Range 
have  demonstrated  that  macroscopic  hypervelocity  (4.5-6  km/s)  impacts  can  generate  up  to  2500 
nT  intensity  magnetic  fields  in  low  ambient  field  environments  - typical  of  the  ambient  field  found  on 
the  lunar  surface  [1],  Further  experiments  and  analysis  permit  characterizing  to  first-order  the  im- 
pact-generated magnetic  fields  as  a function  of  impact  angle,  velocity,  and  projectile  and  target 
materials. 

Hide  (1972)  suggested  that  weak  ambient  fields  could  be  amplified  by  electrically  conductive, 
impact— generated  ejecta[2].  Srnka  (1977)  proposed  that  magnetic  fields  could  be  generated  with 
currents  driven  by  non-aligned  temperature  and  electron  density  gradients  that  must  arise  in  the 
asymmetric,  impact-generated  plasma  cloud [3].  In  this  simple  approximation  where  we  retain  only 
the  dominant  source  term [4],  the  time  rate  of  change  of  magnetic  induction  can  be  written. 


B = VxVxB+  V2B  + Vx(^-V(nT))  (1) 

4ttci  x 2en  ' 

where  B is  the  total  magnetic  field,  V is  the  plasma's  fluid  velocity,  a its  electrical  conductivity,  k is 
Boltzmann’s  constant  and  n,  T and  e are  the  electron  number  density,  temperature  and  charge, 
respectively.  The  first  term  on  the  right  of  (1)  represents  convection  of  B due  to  fluid  motion;  the 
second,  represents  diffusion  of  B through  the  electrically  conductive  plasma;  and  the  third,  is  a 
source  term  arising  when  the  electron  temperature  and  density  gradients  are  not  aligned. 
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Fig.  1 Hypothetical  asymmetric  magnetic  field  produced  by  non-aligned  electron  tem- 
perature and  density  gradients  during  a non-vertical  hypervelocity  impact.  This  is  a ver- 
tical slice  of  the  impact-generated  plasma  with  the  projectile  incident  from  the  right. 

The  magnetic  field  shown  in  Fig.  1 depicts  a hypothetical  non-vertical  impact  as  the  electron 
density  and  temperature  of  the  impact-generated  plasma  is  increasing  (highest  at  the  impact  point). 
Since  the  temperature  is  dominated  by  the  presence  of  neutral  gas  (100  to  1,000  times  more  abun- 
dant than  ionized  gas),  there  is  no  a priori  reason  to  believe  that  it  will  be  aligned  with  the  electron 
density  distribution;  consequently  we  have  constrained  the  temperature  (T)  to  spherical  symmetry, 
for  clarity  [5].  This  simple  model  is  based  on  two  critical  observations:  1)  the  field  observed  up- 
range  of  the  impact  point  is  lower  than  that  down-range;  and  2)  the  magnetic  field  far  down-range 
typically  has  a polarity  opposite  to  the  field  at  the  impact  point. 

Figures  2 and  3 show  the  vertical  component  of  the  magnetic  intensity  observed  below  the  im- 
pact point  during  laboratory  hypervelocity  impacts  into  powdered  dolomite  and  silica  sand  targets, 
respectively,  under  low  (-1000  nT)  ambient  field  conditions.  The  first  signal  to  appear  is  a large 
amplitude,  short  duration  pulse  (unresolvable)  arising  from  the  rapid  production  of  plasma  at  the 
projectile/target  interface  during  first  contact,  perhaps  related  to  the  jetting  process.  The  second 
signal  is  a negative  pulse  (shown  prominently  in  Fig.  2)  of  relatively  long  duration  (0.2  - 0.5  ms) 
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which  may  reflect  continued  plasma  production/expansion.  The  third  signal  is  a positive  pulse  (shown 
prominently  in  Fig.  3)  of  even  longer  duration  (1-2  ms)  that  appears  to  be  produced  well  after  the 
projectile/target  energy  transfer.  Contrasting  figures  2 and  3,  we  see  that  the  target  composition  has 
a pronounced  effect  on  the  signal  character.  During  the  impact  into  dolomite  (Fig.  2).  the  bulk  of  the 
plasma,  indicated  by  the  large  negative  signal,  is  apparently  produced  during  the  interaction  of  the 
projectile  with  the  target.  The  width  of  this  negative  pulse  may,  therefore,  provide  a measure  of  the 
projectile/target  interaction  time.  The  width  of  the  late-time  positive  pulse  shown  in  figures  2 and  3 
indicates  that  plasma  is  retained/produced  near  the  impact  region  well  after  the  time  of  impact. 

The  simple  theoretical  model  and  the  laboratory  observations  we  have  put  forth  suggest  that 
magnetic  anomalies  produced  by  SRM  or  TRM  in  natural  impact  craters  will  most  likely  have  a great 
deal  of  local  asymmetric  structure  dependent  on  impact  angle,  the  size  of  the  impact  crater  and  the 
timing  of  the  remanence  acquisition^  ,6] . Characteristic  differences  in  early-time  impact-generated 
magnetic  signals  depending  on  impact  angle,  velocity  and  projectile/target  composition  provide  a 
new  approach  for  probing  the  impact  process. 


Fig.  2 Vertical  component  of  the  magnetic  field  intensity  measured  9 cm  below  the  impact  point  of  a 
0.64  cm  Aluminum,  30°,  5.31  km/s  impact  into  dolomite,  (dashed  line  at  time  of  impact). 
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CHAPTER  11 


STRUCTURE  AND  TECTONICS 


DISCONTINUITIES  IN  THE  SHALLOW  MARTIAN  CRUST 

P.A.  Davis  1 and  M.  P.  Golombek2  (1)  U.S.  Geological  Survey,  Flagstaff, 

Arizona  86001;  (2)  Jet  Propulsion  Laboratory,  California  Institute  of 
Technology,  Pasadena,  California  91109. 

A number  of  discontinuities  have  been  proposed  to  exist  within  the 
shallow  Martian  equatorial  crust  on  the  basis  of  (1)  direct  observation  of 
Mariner  and  Viking  data  [1-3],  (2)  theoretical  considerations  of  the  stability 
of  water  within  the  Martian  crust  and  atmosphere  [4-6],  and  (3)  considerations 
of  the  impact  history  of  Mars  primarily  by  analogy  with  the  well  documented 
case  of  the  Moon  [7,8].  On  the  whole,  these  hypotheses  suggest  the  existence 
of  at  least  three  major  mechanical  discontinuities  within  the  crust  that  are 
delineated  by  the  following  interfaces:  (1)  An  upper  sequence  of  interbedded 

igneous  rock,  impact  ejecta,  and  sediments  or  sedimentary  rock  overlying  a 
relatively  thick  and  extremely  weak  zone  of  impact  breccia;  (2)  either  an 
ice-laden  zone  over  a water-laden  or  dry  zone  of  impact  breccia  or  a 
chemically-cemented  zone  within  uncemented,  dry  impact  breccia;  and  (3)  impact 
breccia  over  fractured  basement  rock.  We  examined  the  morphometry  of  a 
variety  of  erosional  features  and  of  grabens  within  the  western  equatorial 
region  of  Mars  to  determine  if  the  depths  of  these  observed  erosional  levels 
and  the  depth  of  the  mechanical  discontinuity  related  to  graben  formation 
correspond  to  previously  proposed  crustal  discontinuities. 

We  obtained  detailed  photocl inometri c profiles  across  125  erosional 
features  and  163  grabens  within  the  study  area  using  the  methods  of  [9,10]. 

The  erosional  features  included  troughs,  pits  [1,11],  and  wall  valleys  [12-13] 
within  and  around  Valles  Marineris  and  Noctis  Labyrinthus,  and  channel  scarps 
within  Sacra  Fossae  [1,14].  The  grabens  analyzed  in  this  study  belong  to  a 
special  class  of  grabens  that  have  a very  simple  surface  morphology,  which  can 
be  used  to  calculate  the  intersection  depth  of  faults  bounding  simple  grabens 
(i.e.,  thickness  of  the  faulted  layer).  For  this  calculation,  the  dip  of  the 
faults  must  be  known  or  approximated  and  corrections  must  be  made  for  the 
effects  of  mass  wasting  on  the  fault  scarps  [15].  We  calculated  fault  dips 
from  the  locations  and  depths  of  unambi guous  fault  traces  on  trough  walls 
using  Viking  Orbiter  image  data  and  corrected  fault  trace  locations  for  the 
effects  of  oblique  viewing.  The  average  fault  dip  resulting  from  this 
analysis  was  about  60  degrees. 

Our  data  for  the  pits,  troughs,  and  wall  valleys  within  Noctis 
Labyrinthus  and  Valles  Marineris  and  the  escarpments  within  the  fretted 
terrain  show  distinct  erosional  base  levels  at  depths  of  0.3-0. 6 km,  1 km,  and 
2-3  km.  Our  graben  calculations  show  that  faults  bounding  grabens 
consistently  initiate  at  the  mechanical  discontinuity  at  about  1-km  depth. 

The  shallowest  discontinuity  is  indicated  by  the  depths  of  a number  of 
wall-valley  heads  and  the  upper  reaches  of  Sacra  Fossae.  Its  depth  range 
(0.3-0. 6 km)  corresponds  to  thickness  estimates  for  the  ridged  plains  unit  in 
this  region  [16,17],  and,  thus,  the  discontinuity  probably  represents  the 
contact  between  the  rock  sequence  making  up  this  unit  and  the  underlying 

megaregolith  [18].  . . 

The  1 km  discontinuity  is  indicated  by  base  levels  of  erosion  in  all  the 
features  studied,  as  well  as  the  depth  at  which  faults  bounding  grabens 
initiate,  and  corresponds  to  the  base  of  the  proposed  layer  of  ground  ice  on 
Mars  [4,5].  This  discontinuity  may  represent  an  interface  between  ice-laden 
and  dry  regolith,  ice-laden  and  water-laden  regolith  [5,19],  or  pristine  and 
cemented  regolith  [3].  A correlation  between  wall-valley  head  depth  and  local 
faulted-layer  thickness  suggests  that  this  discontinuity  is  the  same  one  that 
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controls  both  a base  level  of  erosion  in  sapping  valley  development  and  the 
mechanical  discontinuity  at  which  faults  that  bound  grabens  initiated.  There 
is  no  apparent  relation  between  pit  and  trough  depths  and  the  local  thickness 
of  the  faulted  layer,  which  can  be  explained  if  pits  and  troughs  developed  by 
subsidence  into  underlying  tension  cracks  that  disrupted  the  1 km 
discontinuity  [20],  The  data  do  suggest,  however,  that  erosion  of  the  shallow 
(less  than  1.5-km  depth)  pits  and  troughs  was  influenced  by  the  1-km 
disconti nuity. 

The  published  photogeologic  evidence  for  ground  ice  or  ground  water  are 
not  supported  by  the  model  studies  of  ground  ice  stability  [6,21]  that 
indicate  1^0  has  not  been  stable  in  the  Martian  equatorial  crust  since  very 
early  in  Martian  geologic  history.  These  models  do  not,  however,  preclude 
some  replenishment  mechanism  for  the  prolonged  existence  of  E^O  in  the 
crust.  If  H2O  was  stable  or  periodically  replenished  in  the  crust,  our 
evidence  of  a 1-km  discontinuity  may  indicate  the  interface  between  ice-laden 
and  dry  regolith  or  the  interface  between  ice-laden  and  water-laden 
regolith.  Either  scenario  would  provide  the  H2O  necessary  for  production  of 
the  observed  sapping  features.  Regardless  of  the  exact  mode  of  formation  of 
the  discontinuity  at  the  base  of  the  ground-ice  layer,  faults  that  bound 
Martian  grabens  initiated  at  this  depth,  indicating  that  it  was  a mechanical 
discontinuity  at  the  time  of  graben  formation.  This  mechanical  discontinuity 
separated  cohesively  frozen  megaregolith  above  from  weaker,  less  cohesive 
water-laden  or  dry  ejecta  below,  if  ground  ice  existed  at  the  time  of  graben 
formation.  Alternatively,  if  the  layer  beneath  thet  mechanical  discontinuity 
was  cemented,  the  mechanical  discontinuity  would  separate  a stronger  cemented 
megaregolith  at  depth  from  a weaker  megaregolith  above.  This  situation  is  in 
accord  with  models  for  failure  of  the  shallow  crust  of  Mars  in  the  Valles 
Marineris  region  that  suggest  tension  cracks  form  at  depth  in  a cemented 
substrate  beneath  grabens  [20].  The  general  correlation  between  the  thickness 
of  the  faulted  layer  and  the  base  of  the  layer  of  ground  ice  demonstrated  in 
this  paper  supports  the  original  suggestion  that  faults  bounding  grabens 
initiate  at  this  subsurface  mechanical  discontinuity  [22]. 

The  third  discontinuity  at  a depth  of  2-3  km  is  indicated  by  the  depths 
of  some  pits  and  troughs,  the  mouths  of  wall  valleys,  and  the  erosional  base 
of  Kasei  Valles.  This  depth  range  corresponds  to  the  proposed  thickness  of 
the  Martian  megaregolith  and  probably  represents  the  interface  between 
overlying  ejected  breccia  and  in  situ  fractured  basement. 
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THE  SHALLOW  STRUCTURE  OF  THE  MARTIAN  LITHOSPHERE  IN  THE 
VICINITY  OF  THE  RIDGED  PLAINS;  M.T.  Zubery  and  L.L.  Aisr  , Geodynamics  Branch, 
NASA/Goddard  Space  Flight  Center,  Greenbelt,  MD  2077 1 , department  of  Mathematics,  University 
of  Maryland-Baltimore  County,  Catonsville,  MD  21228. 

One  of  the  fundamental  pieces  of  information  required  for  determining  the  thermal  and 
tectonic  evolution  of  a planetary  body  is  an  understanding  of  the  mechanical  structure  of  the 
lithosphere.  On  a regional  scale,  direct  constraints  on  the  mechanical  structure  can  be  obtained  from 
the  geometries  of  tectonic  features  on  the  surface.  Wrinkle  ridges  are  tectonic  features  that  commonly 
occur  in  martian  smooth  plains  units  [1,2].  Some  of  these  features  likely  formed  due  to  compressive 
stresses  related  to  the  response  of  the  lithosphere  to  the  Tharsis  load  [3-5].  In  many  areas  the  ridges 
exhibit  either  a linear,  parallel  trend  or  a nearly  concentric  pattern  with  an  approximately  regular 
spacing  of  25-50  km  [4,6-9].  In  areas  where  the  ridges  exhibit  such  a pattern,  their  spacing  can  be 
used  to  infer  the  shallow  structure  of  the  lithosphere  at  the  time  the  features  formed. 

A number  of  previous  attempts  have  been  made  to  ascertain  the  structure  of  the  martian 
lithosphere  on  the  basis  of  ridge  spacing  by  applying  models  for  simple  rheological  structures  [7- 
10].  In  the  present  study,  we  have  developed  a suite  of  compressional  mechanical  models  of  the 
lithosphere  that  incorporate  a broader  range  of  possible  rheologies  than  did  previous  models,  as  well 
as  more  detailed  vertical  strength  stratifications.  Mathematically,  we  consider  the  regular  spacing  of 
the  ridges  to  correspond  to  the  dominant  wavelength  resulting  from  the  growth  of  instabilities  in  a 
horizontally-compressing  multi-layered  medium.  We  invoke  a continuum  approach  to  the  problem, 
on  the  assumption  that  deformation  prior  to  ridge  faulting  controlled  the  development  of  the  regular 
length  scale.  The  baseline  representation  of  the  lithosphere  includes:  (l)a  thin,  competent  surface 
layer  that  corresponds  to  the  ridged  plains;  (2)a  weaker  underlying  layer  that  has  been  inferred  to 
correspond  to  an  unconsolidated  megaregolith  [7];  and  (3)a  competent  substrate  that  we  interpret  as 
basement.  In  all  models  the  spacing  of  the  ridges  [7,9]  and  the  known  thickness  of  the  plains  units 
[<2  km;  Refs.  7,1 1,12,  R.  Kuzmin,  pers.  comm.]  constitute  the  primary  constraints  on  the  rheological 

structure.  . ...  , , . 

The  first  model  consists  of  a strong  layer  underlain  successively  by  a weak  layer  and  a strong 
halfspace,  all  of  uniform  strength.  The  entire  lithosphere  is  free  to  deform  in  response  to  an  imposed 
uniform  horizontal  compressive  stress.  This  model  represents  a situation  in  which  stresses  of 
sufficient  magnitude  to  induce  deformation  penetrate  deeper  than  the  base  of  the  megaregolith. 
Figure  1 illustrates  how  the  dominant  wave  number  (kd)  and  the  dominant  wavelength/surface  layer 
thickness  ratio  (A  ./h.)  vary  with  the  ratio  of  the  thicknesses  of  the  weak  subsurface  layer  and  surface 
layer  (h,/h.)  for  a range  of  values  of  the  strength  contrast  between  the  surface  and  subsurface  layers 
(R.)  The  strength  contrast  between  the  surface  layer  and  substrate  is  assumed  fixed  at  0.5.  Note  that 
a parameter  range  that  includes  h2/h.>l  and  large  R,  produces  values  of  A^h,  that  are  compatible 
with  the  observed  ridge  spacing,  ror  example,  a 1 km  thick  surface  layer  requires  25<Ad/h1<50.  1 his 
can  be  achieved  if  the  subsurface  layer  (megaregolith)  is  twice  as  thick  and  a factor  of  approximately 
1000  less  competent  than  the  overlying  ridged  plains.  A thicker  megaregolith  would  permit  a lesser 
strength  contrast,  while  a megaregolith  with  a thickness  less  than  that  of  the  plains  unit  (hg/l^cl) 
would  require  a much  larger  strength  contrast  to  account  for  the  ridge  spacing.  A thicker  plains  unit 
would  be  compatible  with  smaller  R.  and/or  h,/h,.  These  results  are  not  particularly  sensitive  to 
other  details  of  the  subsurface  density  or  strength  stratifications.  If  the  boundary  at  the  base  of  the 
megaregolith  layer  is  rigid  rather  then  deformable,  corresponding  to  the  case  of  thin-skinned 
deformation,  then  values  of  R1  and  h2/h1  that  are  larger  than  those  shown  in  Figure  1 would  be 

required  to  explain  the  ridge  spacings.  ^ _ ..  ...... 

In  the  second  model  the  lithosphere  consists  of  a surface  layer  of  uniform  strength  that 
overlies  a substrate.  The  strength  at  the  top  of  the  substrate  is  less  than  that  of  the  layer  and  increases 
exponentially  with  depth.  This  corresponds  to  a scenario  in  which  the  megaregolith  and  basement 
represent  a continuum,  in  which  the  megaregolith  becomes  increasingly  compacted  with  depth  and 
grades  into  the  crustal  lithosphere.  The  length  scale  that  describes  the  thickness  of  the  megaregolith 
in  this  case  is  the  e-folding  length  of  the  substrate  strength  (f).  Figure  2 shows  kd  and  Ayh,  vs. 
the  parameter  a(=C/h.)  for  the  limiting  case  of  a "strong"  surface  layer  in  which  buoyancy  forces  due 
to  variations  in  topography  do  not  play  a significant  role  in  influencing  the  pattern  of  deformation. 
In  this  case,  a parameter  range  that  includes  a>l  and  large  R,  yields  values  of  A^h,  that  can  explain 
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the  ridge  spacings.  For  example,  a 1 km  thick  surface  layer  and  an  e-folding  length  of  the 
megaregolith  of  2 km  (o=2)  requires  a strength  contrast  (R.)  of  on  the  order  of  1 000.  A thicker  plains 
unit  would  permit  smal  er  a or  Rv  In  the  less  likely  case  of  a "weak"  surface  layer  in  which  buoyancy 
forces  significantly  influence  the  deformation,  somewhat  smaller  strength  contrasts  are  allowable 
These  results  quantitatively  illustrate  that  compression  of  a lithosphere  consisting  of  a surface 
plains  unit,  underlying  megaregolith,  and  basement  can  explain  the  regular  spacings  of  the  martian 
ridges.  Results  of  a third  model,  which  consists  of  a weak  megaregolith  layer  that  is  underlain 
successively  by  a strong  lithospheric  layer  and  a weaker  lithospheric  substrate,  demonstrate  that  the 
wavelengths  of  the  ridges  can  also  be  explained  if  the  surface  plains  unit  is  absent.  This  is  interesting 
in  light  of  the  fact  that  the  ridges  most  commonly  occur  in  areas  where  plains  units  are  present  and 
suggests  the  possibility  that  while  the  mechanical  strength  of  the  plains  unit  may  have  facilitated  the 
nucleauon  of  ridges,  it  may  or  may  not  have  strongly  influenced  the  spacings.  However,  for  all 
models  the  mechanical  properties  of  lithospheric  basement  significantly  influence  the  predicted 
geometry  of  deformation. 
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Figure  1.  Plot  of  dominant 
wave  number  kd’  and 
wavelength  Ad/h1  as  a 
function  of  h2/h1  for  a 
range  of  Rr  Parameters 
are  defined  in  the  text.  The 
model  assumes  a 
Newtonian  (n=l)  viscous 
lithosphere. 
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Figure  2.  Plot  of  dominant 

wave  number  kd’  and 

wavelength  Aj/h,  as  a 

function  of  the 

dimensionless  e-folding 

thickness  a of  the  substrate  d? 

for  the  limiting  case  of  a v'-- 

lithosphere  with  a "strong"  'c 

surface  layer  (i.e.  buoyancy  M 

effects  unimportant).  The 

results  are  shown  for  a 
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assumes  a non-Newtonian 

(n=3)  viscous  lithosphere. 
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A REEVALUATION  OF  LONG-WAVELENGTH  STRESS  MODELS  FOR  MARS 

W.  B.  Banerdt  and  M.  P.  Golombek,  Jet  Propulsion  Laboratory,  California  Institute  ot 
Technology,  Pasadena,  CA  91109 


Whereas  gravity  and  topography  observations  at  present  provide  the  only  direct  data 
pertaining  to  the  interior  of  Mars,  the  state  of  stress  at  the  surface  of  the  planet,  as  reflected 
in  tectonic  features,  can  provide  an  additional  constraint  on  interior  models  [1  ].  Over  the 
last  several  years  a number  of  papers  have  been  published  using  this  concept  to  investigate 
the  subsurface  structure  and  tectonic  history  of  Mars,  with  an  emphasis  on  the  Tharsts 
plateau  [e.g.  1-7 1.  Two  mathematical  global  stress  models  have  been  used  to  predict 
tectonic  style  for  comparison  with  geological  observations.  The  first,  derived  by  Banerdt 
and  others  [ 1 J,  consists  of  a thick  spherical  elastic  shell  over  an  inviscid  mantle,  whereas 
the  second,  by  Sleep  and  Phillips  [2],  utilizes  a thin  spherical  elastic  shell  approximation 
and  retains  only  the  membrane  component  of  the  stress,  ignoring  the  bending  component. 
These  models  predict  very  similar  stress  fields,  and  the  first  order  investigations  of  Tharsis 
using  these  two  models  resulted  in  virtually  the  same  conclusions:  a simple  uplift  model 
for  Tharsis  is  not  generally  supported  by  observed  tectonic  features,  multiple  stress  regimes 
(operating  at  different  times)  are  required  to  explain  the  orientations  of  these  features,  and 
Tharsis  must  have  been  nearly  isostatic  over  a large  portion  of  its  history. 

However  there  are  some  differences  between  the  two  published  sets  of  stress  fields 
which  present  ambiguities  when  attempting  to  make  detailed  comparisons  between  tectonic- 
features  and  the  theoretical  stresses.  Perhaps  the  clearest  example  is  in  the  isostatic  case. 
The  Sleep  and  Phillips  model  gives  a nearly  circumferential  (to  Tharsis)  orientation  tor  the 
isostatic  tensile  stresses  around  Tharsis,  whereas  the  Banerdt  et  al.  model  shows  tensile 
stresses  that  have  a pronounced  east-west  distortion  to  the  circumferential  pattern.  '1  his 
difference  may  be  critical  when  attempting  to  identify  sets  of  features  that  formed  under 
either  an  isostatic  or  flexural  regime  (in  order,  for  example,  to  establish  their  relative  tim- 
ing), as  both  models  predict  that  flexural  loading  tensile  stresses  will  be  generally 
circumferential  [e.g.,  3|. 

In  this  study  we  investigate  the  differences  between  the  model  assumptions  and 
their  effects  on  stress  directions  in  an  attempt  to  reconcile  the  two  theoretical  stress  models. 
We  identify  the  primary  differences  between  the  models  as:  1)  thick  shell  vs.  thin  shell 
theory  (and'  the  exclusion  of  bending  stresses  from  the  thin  shell  formulation);  2)  the  value 
of  Poisson's  ratio  used;  3)  the  depth  in  the  lithosphere  at  which  the  stress  tensor  is 
evaluated;  and  4)  the  treatment  of  the  hydrostatic  ellipticity.  We  then  incorporate  these 
results  into  a higher  spatial  resolution  stress  model  suitable  for  detailed  large-scale 
structural  interpretation. 

Thick  shell  vs.  thin  shell.  Thin  shell  approximations  are  generally  valid  when  the 
shell  thickness  is  less  than  about  1/10  the  radius  of  curvature  [8],  roughly  350  km  for 
Mars.  Thus  for  the  450  km  lithosphere  thickness  used  by  Sleep  and  Phillips,  the  validity 
of  the  thin  shell  assumption  is  questionable.  However  this  applies  primarily  to  bending 
stresses,  which  are  more  strongly  affected  by  shell  thickness.  The  effect  of  shell  thickness 
on  membrane  stress  is  considerable  smaller.  The  bending  stress  contributions  to  the 
behavior  of  the  shell  are  small  compared  to  those  of  membrane  stresses  for  harmonic 
degrees  less  than  5 for  a lithospheric  shell  on  Mars  with  a thickness  of  450  km.  Therefore 
the  thin  shell  assumption  is  justified  for  these  wavelengths;  for  thinner  lithospheres,  which 
are  more  likely  on  Mars,  the  approximation  is  even  better.  For  shorter  wavelengths, 
however,  bending  stresses  must  be  included. 
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Poisson's  ratio  and  depth  of  stress  evaluation.  For  the  Banerdt  et  al.  model  a value 
tor  Poisson's  ratio  of  0.25  (near  that  typical  for  rocks)  was  used  and  stress  trajectories 
were  evaluated  at  the  deformed  lithospheric  surface.  Sleep  and  Phillips  incorporated  a 
Poisson’s  ratio  of  0.5  in  order  to  remove  bending  stress  contributions  and  displayed  stress 
trajectories  at  the  topographic  surface.  Both  of  these  differences  tend  to  change  the 
magnitude  of  the  predicted  shear  stress  and  the  style  of  predicted  faulting  (suppressing 
extensional  failure  in  favor  of  strike-slip),  but  principal  stress  orientations  are  unaffected  by 
these  parameters. 

Rotational  ellipticitv.  Sleep  and  Phillips  derived  an  explicit  treatment  for  the  internal 
rotational  ellipticity  of  Mars.  From  their  results  it  is  possible  to  derive  the  non-hydrostatic 
portion  of  J2  (-C2oN)  as  a function  of  the  assumed  moment  of  inertia  factor  (I/Ma2). 
Whereas  the  moment  of  inertia  for  Mars  is  not  known,  straightforward  assumptions 
regarding  the  superposition  of  a symmetric  Tharsis  anomaly  on  an  otherwise  hydrostatic  J2 
yield  an  estimate  for  I/Ma2  of  0.365  [9J.  Assuming  this  value,  about  93%  of  the  currently 
observed  J2  should  be  due  to  the  dynamic  flattening  by  rotation,  giving  C2oN=-6xl()-5.  For 
lack  of  such  a dynamic  ellipticity  formulation  and  given  the  uncertainty  in  I/Ma2,  Banerdt  et 
al.  assumed  simply  that  the  entire  observed  J2  was  due  to  rotation,  or  C2oN=0.  This 
corresponds  to  I/Ma2=0.376,  near  the  upper  bound  of  published  estimates.  For  this  value, 
the  Tharsis  high  is  elongated  in  the  north-south  direction,  and  Chryse  and  Amazonis 
correspond  to  major  lows.  In  addition,  an  error  was  made  in  the  computation  of  the 
iotational  contribution  to  the  topographic  C2o>  resulting  in  a similar  appearance  for  the 
topography.  When  C2oN=-6xl()-5  is  used  (and  the  proper  topographic  correction  is  used), 
Tharsis  appears  more  circular  (this  follows  directly  from  the  assumptions  involved  in  the 
estimate  of  I/Ma2  [ 9 1),  and  the  basin  lows  are  subdued.  When  this  latter  C2oN  is  used  (as 
in  the  Sleep  and  Phillips  model),  virtually  all  of  the  discrepancy  between  the  two  stress 
models  is  eliminated.  Thus  the  differences  between  the  stress  results  in  [ 1 ] and  |2|  are  due 
primarily  to  the  respective  choices  of  C2qn. 

Higher  resolution  stress  models.  Lithospheric  strength  envelope  calculations  |e.g. 

1 0)  and  volcanic  loading  studies  fl  1J  indicate  that  the  martian  lithosphere  is  unlikely  to 
have  been  much  thicker  than  about  200  km.  Thus  a thick  shell  treatment  is  unnecessary 
and  we  have  used  instead  a full  thin  shell  formulation  including  bending  stresses  1 12|, 
utilizing  topography  and  gravity  coefficients  through  degree  and  order  8 1 13,  14).  The’ 
higher  resolution  stress  trajectory  plots  thus  generated  (e.g.,  figure  1)  can  be  used  in 
conjunction  with  detailed  mapping  of  tectonic  features  (e.g.,  [15])  in  order  to  better 
understand  the  thermo-tectonic  evolution  of  the  martian  lithosphere.  For  example,  the 
choice  of  C2oN  (or,  equivalently,  I/Ma2)  makes  a small  but  significant  difference  in  the 
predictions  for  the  orientations  of  structural  features  in  areas  that  appear  to  have  been 
affected  by  multiple  regional  stress  events.  One  of  these  areas  is  the  Tempe  Plateau  region 
in  northeastern  Tharsis.  For  a value  of  C2oN  near  zero  (such  as  that  used  in  1 1 1)  flexural 
stresses  predict  the  formation  of  northeast  trending  grabens,  whereas  the  isostatic  stresses 
predict  north- northeast  trending  grabens.  There  are  two  appropriately  aged  graben  systems 
in  this  area  with  these  orientations  1 3 ] . Structural  and  superposition  relationships  indicate 
that  the  area  was  first  affected  by  isostatic  stresses,  followed  by  flexural  stresses. 
However  if  a larger  C20N  (such  as  that  used  in  [2])  is  assumed,  there  is  no  significant 
difference  in  the  predicted  orientations  of  grabens  in  this  region  for  the  two  stress  states  and 
these  fracture  sets  cannot  be  used  to  infer  the  relative  timing  of  flexural  and  isostatic 
support  for  the  Tharsis  plateau.  Conversely,  it  may  be  possible  to  use  the  differences  in  the 
orientations  of  fractures  in  areas  such  as  these  to  constrain  C2o^  and,  by  extension,  the 
moment  of  inertia  for  Mars. 
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Figure  1.  Flexural  loading  stresses  for  Tharsis,  plotted  on  a mercator  projection 
corresponding  to  the  western  equatorial  1:15M  geologic  map  of  Scott  and  Tanaka.  T arsis 
is  centered  at  roughly  5”  south,  105°  west.  Contours  show  the  magnitude  of  the  maximum 
stress  difference  at  the  surface  in  MPa.  The  stress  orientation  indicators  with  symbols  at 
each  end  denote  horizontal  extension;  those  with  symbols  in  the  center  denote  compression 
For  this  case  Tharsis  is  foimed  by  adding  material  to  the  surface,  causing  downward 
deflection  of  the  lithosphere.  The  local  thickness  of  the  emst  is  simultaneously  adjusted  in 
order  to  satisfy  the  observed  gravity.  Stresses  were  calculated  assuming  lithosphere 
thickness  = 200  km,  crustal  thickness  = 50  km,  Young's  modulus  = 1.25x10  nt/m  , 
Poisson's  ratio  = 0.25,  and  the  crust-mantle  density  contrast  = 0.5  Mg/m  . Topography 
and  gravity  harmonics  through  degree  and  order  8 have  been  used  as  boundary  conditions. 
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IN  THE  FORMATION  OF 


INVOLVEMENT  OF  TIIE  LITHOSPHERE 
WRINKLE  RIDGES  ON  MARS; 

M.  Golombek 1 , j.  Supped,  W.  Narr-\  J.  Plescial,  and  B.  Banerdtd  ljet  Propulsion 
Laboratory,  Caltech,  Pasadena,  CA  91 109,  2Seismological  Laboratory,  Caltech,  Pasadena,  CA 
08544’  DCPt'  GeologlCal  and  Geophysical  Sciences,  Princeton  University,  Princeton,  NJ 


-tr  , Retent  'vork  on  >he  ongin  of  wrinkle  ridges  suggests  that  they  are  congressional 
structures,  but  the  subsurface  structure  and  the  possible  involvement  of  the  lithosphere  in  their 

In  ?1S  abstract>  wc  brief,y  review  important  characteristics  of 
art  an  wrinkle  ridges,  including  their  subsurface  structure  and  amount  of  shortening  both  of 

the  Hthospherethat  ^ ^ SUlfaCe  exPression  of  thrust  faults  that  extend  through  much  of 

Photocli nometric  topographic  profiles  across  wrinkle  ridges  in  Lunae  Planum  and 
Amazoms  Plamtia  show  an  average  regional  elevation  offset  across  the  ridges  (plains  on  one 
side  of  the  ridge  are  at  a distinctly  different  elevation  than  plains  on  the  other)  of  about  100  m. 

le  offset  in  regional  elevation  extends  for  many  kilometers  on  either  side  of  the  ridge  and 
requires  a fault  beneath  the  structure;  simple  fold  structures  or  faults  that  flatten  "into  a 
dec ol lenient  cannot  readily  explain  the  elevation  offset.  Vertical  faulting  at  depth  does  not 
provide  an  obvious  mechanism  for  producing  the  broad  low  positive  relief  structure 
characteristic  of  wrinkle  ridges.  A combination  of  folding  and  low-angle  faulting,  however,  can 
produce  both  the  observed  ridge  morphology  and  the  offset  in  regional  elevation  The  lateral 
extent  of  the  regional  elevation  change  requires  a planar  fault  that  does  not  shallow  with  depth 
because  the  regional  elevation  change  would  decrease  to  zero  above  the  point  where  the  fault 
flattens  to  a decollement  (Golombek  et  al.,  1989). 

rs  We  have  calculated  the  amount  of  shortening  due  to  folding  for  Martian  wrinkle  ridges 
£ m)  by  stmpjy  unfolding  the  surface  profile  along  the  ridge  . The  shortening  due  to 
faulting  was  obtained  by  dividing  the  regional  elevation  change,  which  is  produced  bv  slip  on 
the  fault,  by  the  tangent  of  the  fault  dip.  Although  the  dip  of  the  fault  is  not  known 
measurements  of  the  dip  of  normal  faults  on  Mars  (Davis  and  Golombek,  1989)  and  lab 

KohTsinHT’lUl  Rdr|Cl tl"iOTi?Cc.SU8Se-St  a,d'P  °f  about  25°  for  thrust  faults  (Brace  and 
Kohlstcdt,  1 980,  Byerlee,  1978).  Shortening  due  to  faulting  averages  between  100  and  300  m 

I Ota;  shortening  across  Martian  wrinkle  ridges  is  therefore  on  the  order  of  hundreds  of  meters 
similar  to  values  for  lunar  wrinkle  ridges  (Golombek  et  al.,  1988);  strain  is  on  the  order  of  a 
few  percent.  The  ratio  of  shortening  due  to  faulting  to  that  due  to  folding  is  in  the  range  of  5 to 
20,  indicating  that  faulting  is  the  dominant  mechanism  for  accommodating  shortening  in  Martian 
wrinkle  ridges  and  that  folding  is  subsidiary.  b 

A number  of  attempts  have  been  made  to  identify  kinematic  models  capable  of 
explaining  the  salient  characteristics  of  wrinkle  ridges.  In  particular,  fault-bend  and  fault- 
propagation  folding  have  been  suggested  as  possible  models  for  the  development  of  wrinkle 
ridges  (Plescia  and  Golombek,  1986;  Watters,  1988).  Fault-bend  folding  (Suppe,  1987)  can 
produce  an  anticlinal  fold  when  surficial  rocks  are  translated  over  a surface-flattening  bend  in  a 
ox]  w™  . \ lt-ProP«ea«i°n  Elding  (Reidel,  1984;  Suppe,  1985;  Suppe  and  Medwedeff, 

1984  Woodward  ct  al.,  1985;  Jamison,  1987)  occurs  when  displacement  along  a reverse  fault 
atfdeP?  ‘.s  aocommodated  by  folding  of  overlying  layers.  Both  types  of  structures  are  capable 
producing  surface  folds  with  complex  near  surface  faulting,  similar  to  wrinkle  ridges  More 
detailed  considerations  suggest,  however,  that  the  gross  structure  of  wrinkle  ridges  is  different 
from  typical  fault-bend  and  fault-propagation  folds.  In  particular,  faults  responsible  for  both 
fault-bend  and  fault-propagation  folds  most  commonly  shallow  out  into  horizontal  decollements 
at  bedding-plane  contacts  between  rocks  with  distinct  mechanical  properties.  In  addition,  where 
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observed  on  the  earth  the  step  J 

wmmmpmmm 

s^fkse lasiaissas 

by  translation  of  rocks  ^wethet  . * P;  Jimb  The  rear  1 limb  of  most  wrinkle  ridges  is 

structure  be  roughiy  equal  to  the  w d f « itude  ter  than  the  shortening  that  can  be 

many  kilometers  wide,  which  is  an  o b nf  evidence  for  horizontal  decollements 

tekness 'onhe  M!mkm  mhospS  aad  are  no.  simply  surface  folds  affecting  .he  upper  few 
kilometers  of  the .crust.  faults  beneath  foreland  basement  uplifts,  such  as  the  Rocky 

“-SS 

ri»&?asMsmSgSagS2S 

volcanic  loads  on  the  Martian  surface  (Comer  et  a goth 
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Ferrari,  1978)  to  100  km  thick  (Sjogren  and  Wimberly,  1981;  Sjogren  and  Ritke  1982-  lanle 
and  Ropers,  1983)  and  an  olivine  mantle  (Wood  and  Ashwal,  1981;  Francis  and  Wood  1982) 
requires  thermal  gradients  of  9Ykm  to  167km  from  ductile  creep  properties  of  basalt  and 
olivine.  Thermal  evolution  models  of  Mars  (Toksoz  et  al„  1978)  also  predict  a present  average 
J m gradJent  °l ?/km’  which  is  a likely  minimum  as  thermal  gradients  were 

have  ass umed  ^Ykm^  1 S 7k  ^har^!s_Y.®jpanic  and  tectonic  activity.  Given  these  constraints,  we 
have  assumed  9 /km,  15  /km,  and  20  /km  and  various  crustal  thicknesses  for  the  construction 

of  lithospheric  strength  envelopes  (brittle  and  ductile  yield  stress  versus  depth  curves)  to  gain  a 
better  understanding  of  likely  lithospheric  strong  and  weak  zones  at  depth 

hplmv  £e?ulls  show  that  even  under  thc  coolest  conditions  a lower  crustal  weak  zone  is  present 
below  40  km,  assuming  a minimum  50  km  thick  crust.  Under  the  warmer  conditions  more 
likely  for  Thaisis,  lower  crustal  weak  zones  begin  at  about  20  km  depth,  with  all  strength  in  the 
upper  mantle  gone  at  40-60  km  depth.  These  calculations  indicate  that  under  conditions  likely 
uring  Tharsis  deformation,  weak  zones  at  fairly  shallow  depths  existed  within  the  crust  and 

onThe^mhi H 1Ch  lhrUSt  tS  C°U,d  r°0t’  analogous  to  faults  beneath  foreland  basement  uplifts 

rp  • , Jn  conclusion  the  observation  that  some  regularly  spaced  wrinkle  ridges  accommodate 

regional  elevation  changes  with  a consistent  uplifted  side  suggests  that  planar  thrust  faults 
extend  to  depths  of  tens  of  kilometers.  Consideration  of  earth  analogs  most 
this  subsurface  structure  and  the  low  strains  measured  across  wrinkle  ridges  (a  few  percent) 
suggest  foreland  basement  uplifts  are  more  appropriate  earth  analogs  for  the  overall  structure  of 

surface  folding  -md  ^ fauhTropaptionfolding  are  probably  responsible  for  the  near- 

surtuce  fold  nfc  and  faulting  associated  with  wrinkle  ridges.  Foreland  basement  uplifts  on  earth 

are  typically  underlain  by  moderately  dipping  thmst  faults  that  root  in  a weak  ductile  zone  at  the 
base  of  the  crust.  Evaluation  of  likely  conditions  around  Tharsis  indicates  that  faults  beneath 
n?ges  T1°  C0U  d h,ave  r0Oted  in  a ductile  zone  of  the  lower  crust  at  depths  of  a few  tens 
much' o™he TithSphctT  SUg8eS'  def°rma,i0n  “sociil,ed  with  involves 
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CHRONOLOGY  AND  GLOBAL  DISTRIBUTION  OF  FAULT  AND  RIDGE  SYSTEMS  ON  MARS 
David  H.  Scott  and  James  M.  Dohm,  U.S.  Geological  Survey,  2255  N.  Gemini  Dr., 
Flagstaff,  AZ  86001. 

A series  of  pal eotectonic  maps  has  been  made  showing  fault  and  ridge 
systems  on  Mars  as  they  existed  during  the  geologic  past.  These  structures 
have  been  classified  chronologically  by  mapping  their  occurrence  in  rock  units 
emplaced  during  successive  geologic  periods.  The  three  Martian  systems-- 
Noachian,  Hesperian,  and  Amazonian  [1],  and  their  eight  subdivisions  (series) 
[2]  are  the  time-stratigraphic  referents  for  assigning  ages  to  the  faults  and 
ridges.  System  and  series  boundaries  and  the  structures  mapped  within  the 
chronostrati graphi c units  were  extracted  from  geologic  maps  at  1:15,000,000 
scale  that  cover  the  surface  of  Mars  [3-5].  The  pal eotectonic  maps  are  being 
compiled  at  the  same  scale  for  the  western,  eastern,  and  polar  regions  of  Mars 
and  at  1:2,000,000  scale  for  local,  complexly  faulted  areas  within  these 
regions.  Although  similar  procedures  were  used  in  the  age  classification  of 
faults  and  ridges  both  regionally  and  locally,  additional  discriminations 
could  be  made  at  the  larger  scale  by  considering  (1)  crosscutting  relations 
among  structures,  (2)  morphologic  appearance  such  as  degree  of  degradation, 
and  (3)  the  concurrence  of  structural  trends  that  might  be  indicative  of 
nearly  contemporaneous  periods  of  deformation.  Crosscutting  relations  are  the 
most  definitive  of  these  criteria,  but  because  they  are  not  clear  in  places, 
some  structures  cannot  be  relatively  dated  with  assurance  by  this  method. 

Some  of  the  more  significant  results  obtained  from  this  continuing  study 
show  that  all  major  fault  systems  on  Mars  are  associated  (in  order  of 
decreasing  abundance)  with  five  large  volcanic  centers,  three  impact  basins, 
and  the  highland-lowland  boundary  in  the  equatorial  zone.  Only  normal 
faulting  has  been  recognized,  although  the  slip  sense  of  some  dislocations  is 
unknown.  Both  faulting  and  volcanism  have  progressively  decreased  with  time 
from  the  Noachian  to  the  Amazonian.  The  most  abundant  and  extensive  faults 
bound  grabens  that  either  follow  the  Tharsis  northeast-southwest  axial  trend 
or  are  radial  to  volcanic  centers  that  lie  along  this  trend.  Concentric 
faults  are  relatively  late  stage  dislocations  that  partly  encircle  all  of  the 
large  volcanoes  on  Mars;  in  places  they  occur  where  no  surface  evidence  of 
volcanic  constructs  is  evident,  suggesting  the  presence  of  magma  chambers  that 
did  not  develop  to  form  extrusive  vents  and  constructs. 

Martian  ridge  systems  consist  of  two  types:  (1)  wrinkle  ridges,  similar 

to  those  on  the  lunar  maria,  characterized  by  sinuous  to  nearly  linear  axial 
traces,  and  (2)  larger  ridges  having  steep,  bold  flanks  resembling  fault 
scarps  in  places.  Wrinkle-ridge  development  appears  to  have  culminated  during 
the  Early  Hesperian,  whereas  the  larger  ridge  systems  occur  only  in  rock  units 
of  Noachian  age.  Both  types  of  ridges  broadly  encircle  the  Tharsis  rise  and 
suggest,  together  with  fault  evidence,  that  this  huge  topographic  high  was  the 
result  of  structural  uplift  that  occurred  largely  during  the  Noachian  and 
Hesperian  Periods. 

Paleotectoni c maps  of  highly  complex  areas  such  as  Tempe  Terra  reveal 
more  than  ten  distinct  episodes  of  faulting  during  the  Noachian  and  Hesperian; 
minor  faulting  continued  in  the  Amazonian  along  trends  developed  in  the 
earlier  periods. 
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QTRIKF-SLIP  FAULTING  IN  THE  RIDGED  PLAINS  of  MARS.  Richard 
A.  Schultz.  NASA  Goddard  Space  Flight  Center.  Greenbelt.  MD 

The  surface  of  Mars  shows  abundant  evidence  o,  e^nsional  '(if "S 

deformation  in  the  form  of  normal  faul  , g - extreme|y  rare  or  absent  on 

contrast,  strike-slip  faults  have  kee"  c°"  0rbiter  images  is  revealing  that  strike- 
Mars  [2.3].  However  careful  several  well-preserved 

Xt' ofTartfan  ttrikts”!;  MJL  their  relationships  to  wrinkle  ridges. 

presumed  volcanic  origin  southeast  of  throughout  the  area.  The  strike- 

striking  wrinkle  ridges  also  deform  p ..  structures  that  bound  polygonal 

slip  faults  are  defined  by  a series  of arrays  of  echelon 
or  rhombohedral  plateaus  located  wi  i t tbe  overall  trend  of  the 

other  high  topography  outside  the  stepover.  Thu^  th  P J plateaSs  formed 

plateaus  within  the  stepovers  of  echelon  structures  sugge  Extensional  basins 

as  a result  of  mechanical  interaction  between  those  st  t 

can  occur  within  stepovers  along  ov faults  are  not 
generaUy5  assocfated'"  with  basins1  or  uplifts.P  19].  ^bohedral  shape  of F man, 

,he  fsnrhdTS^.™  "S  .%rsrmn«  •% 

*5  F|S-  2)  IS  r^late|dto\Pur|tPofgfLtOI(see  [8]).  The  minimum  horizontal  shortening 
directly  proportional  to  fault  ottse  { ID  , . assumine  that  the  plateaus  are 

associated  with  martian  push-up  ranges  T bJs  kinematic  estimate  probably 

kKa  ted  "near  L^fermlnSs^^orizonrai  offset  (shortening)  exceeds  verticai  offset 

(push-up  height)  by  at  least  2-3  t,mes  a|on  eche|on  strike-slip  faults  is 

Determination  of  the  sense  !;  sense  of  step.  For  example, 

straightforward  given  the  type  of  stepover  and  sense  P or  |#ft  steps 

con.ractional  s.epove.s  occur^to  ^Lefr.rendTng  strike-slip  faults  (Fig.  3)  step 

along  a right  lateral  fault.  I ne  s).  a|op  the  echelon  array.  The 

consistently  to  the  right,  implyi  g consistently  to  the  left,  implying  right 

northeast  trending  faults  to  th5  ~ s such  as  end-cracks,  joints,  and 

lateral  slip  along  that  array.  Secondary  s ructures  sucn  ^ strike-slip  fault 

normal  faults  or  stylolites.  folds.  t|)e  |ocations  of  these  structures 

terminations  as  a result  of  fault  P [ )•  ( horizontal  compressive 

dopend  on  the  sense  of  q„'-»a5««.  Pooling  nudea.  on 

anTgrowth'  of "folds  and  mJerse  faults.  The  right  lateral  fault  arrays  are  assoc, ated 
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with  wrinkle  ridges  in  the  north-east  and  south-west  quadrants,  and  left  lateral  faults 
join  wrinkle  ridges  in  north-west  and  south-east  quadrants.  Wrinkle  ridges  are  notably 
absent  in  the  opposing,  extensional  quadrants  of  these  faults.  These  relationships 
suggest  that  these  wrinkle  ridges  may  have  nucleated  in  response  to  slip  along  the 
strike-slip  faults  and  propagated  away  from  the  fault  termination  regions.  High-angle 
(but  not  orthogonal)  intersections  between  wrinkle  ridges  and  the  strike-slip  faults  are 
consistent  with  this  hypothesis.  In  some  cases,  small  crenulations  that  extend  away 
fromsome  fault  terminations  are  superimposed  on  larger  ridges,  perhaps  implying 
multiple  stages  of  contractional  deformation  and  local  uplift.  The  location  and 
orientation  of  wrinkle  ridges  near  terminations  of  strike-slip  faults  provide  independent 
evidence  that  wrinkle  ridges  represent  contractional  deformation  such  as  folding  or 
reverse  faulting.  Relationships  between  several  strike-slip  faults  and  wrinkle  ridges 
suggest  that  strike-slip  faulting  predated  growth  of  at  least  some  wrinkle  ridges.  In  a 
few  cases,  however,  .apparent  superposition  of  fault-termination  wrinkle  ridges  on 
much  larger  ridges  implies  the  reverse  sequence.  No  examples  were  found  that 
would  suggest  strike-slip  faulting  that  clearly  postdated  wrinkle  ridge  formation. 
Thus,  it  appears  that  strike-slip  faulting  predated  and  overlapped  the  episodes  of 
wrinkle  ridge  growth. 


The  remote  stress  state  associated  with  the  martian  strike-slip  faults  is  inferred 
from  their  orientations  and  sense  of  slip.  Using  typical  values  of  fault  friction  1121 
and  a Coulomb  slip  condition,  the  direction  of  maximum  horizontal  compressive 
principal  stress  a,  would  be  oriented  30°  to  the  faults,  or  approximately  east-west 
fl-ig.  Jj.  Orientations  of  maximum  compressive  stress  associated  with  wrinkle  ridge 
formation  obtained  by  assuming  that  is  oriented  normal  to  the  overall  trend  of 
the  ridges  [13]  are  very  similar  to  tfiose  inferred  from  the  strike-slip  faults, 
however,  the  orientation  of  minimum  compressive  stress  would  be  vertical  for  wrinkle 
ridges  but  horizontal  for  strike-slip  faults.  Thus,  strike-slip  faults  and  wrinkle  ridges 
can  grow  under  the  same  remote  stress  state  only  if  one  set  of  structures  changes 
the  local  stress  state  in  such  a way  that  the  other  structures  can  form  The 
geometry  and  relative  timing  of  structures  in  Coprates  indicates  that  many  wrinkle 
ridges  nucleated  and  grew  as  a result  of  strike-slip  faulting. 

The  orientations  of  both  grabens  and  wrinkle  ridges  throughout  western  Mars  are 
generally  well  predicted  by  Tharsis  deformation  models  [13],  and  the  strike-slip  faults 
and  associated  wrinkle  ridges  may  be  related  to  isostatic  adjustments  in  Tharsis 
However.  Tharsis  principal  stress  trajectories  [13]  differ  by  10-30°  from  those  derived 
from  structure  orientations  (Fig.  3).  One  possibility  is  that  the  differences  between 
Tharsis  geophysics  and  structure  orientations  arise  from  idealizations  or  assumptions 
m the  geophysical  models.  On  the  other  hand,  the  region  south-east  of  Valles 
Marmens  is  tectonically  complex,  and  Tharsis-related  remote  stress  states  may  have 
been  modified  by  more  local  deformation.  More  refined  geophysical  modeling  of 

Tharsis  deformation  and  analysis  of  local  deformation  will  help  resolve  these 
alternatives. 


|-eft  *ateral  strike-slip  faulting  has  been  inferred  along  the  northwest  trending 
Gordu  Dorsum  escarpment  located  west  of  Tharsis  [4].  Strike-slip  and  wrinkle  ridge 
deformation  in  Coprates  are  of  early  Hesperian  age  (about  3-3.5  b.y.  ago  [14])  and 
either  roughly  comparable  in  age  or  younger  than  that  inferred  along  Gordii  Dorsum. 
However,  principal  stress  trajectories  from  Tharsis  deformation  models  [13]  do  not 
appear  to  be  suitably  oriented  to  drive  left  lateral  slip  along  Gordii  Dorsum  faults,  so 
strike  slip  faulting  along  Gordii  Dorsum  may  not  be  related  to  Tharsis  tectonism. 
Thus,  there  were  probably  at  least  two  episodes  of  strike-slip  faulting  in  widely 
separated  regions  of  Mars.  Given  the  complexity  of  deformation  observed  in  many 
ancient  terrains,  strike-slip  faulting  likely  played  an  important  role  in  crustal 
deformation  on  early  Mars. 
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Fig.  1.  Location  of  strike-slip  faulting 
(inset). 
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Fig.  2.  Geometry  of  echelon  strike-slip 
faults  from  Earth  and  Mars. 
Filled  symbols,  contractlonal 
stepovers. 


<TO  km 


Fig.  3.  Relationships  between  strike-slip 
faults  and  wrinkle  ridges. 
Orientations  of  maximum 
compressive  principal  stress 
inferred  from  left  lateral  faults 
(cr^a),  N90W;  from  right  lateral 
faults  (a3b),  N80-85W.  These 
trajectories  are  consistent  with 
orientations  of  wrinkle  ridges. 
Principal  stress  trajectories 
calculated  from  Tharsis  isostasy 
models  (03*)  differ  by  10-306 
from  tnose  inferred  from 
structure  orientations  and  would 
predict  reverse  faulting  or 
folding  normal  to  a 
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STRIKE-SLIP  FAULTING  ASSOCIATED  WITH  THE  FOLDED 
COLUMBIA  RIVER  BASALTS:  IMPLICATIONS  FOR  THE  DEFORMED  RIDGED 

PLAINS  OF  MARS 

Thomas  R.  Watters  and  Michael  J.  Tuttle,  Center  for  Earth  and 
Planetary  Studies,  National  Air  and  Space  Museum,  Smithsonian 
Institution,  Washington,  D.C.  20560 

The  anticlinal  ridges  in  the  continental  flood  basalts  of 
the  Columbia  Plateau  (or  Columbia  Basin)  are  long,  narrow, 
periodically  spaced  structures  with  broad  relatively  undeformed 
synclines.  The  orientation  and  spacing  of  the  anticlines  varies 
throughout  the  Yakima  Fold  Belt,  but  is  consistent  within 
certain  domains  (1) . Associated  with  the  steeply  dipping 
vergent  side  of  the  asymmetric  anticlines  are  reverse  to  thrust 
faults.  Mechanisms  suggested  for  the  origin  of  the  anticlines 
or  Yakima  folds  include:  1)  drape  folding  over  high  angle 
reverse  faults  (2) ; 2)  buckling  over  shallow  detachments  in  the 
basalt  sequence  followed  by  reverse  to  thrust  faulting  (3) ; 3) 
buckling  of  the  basalt  sequence  simultaneously  with  the 
emplacement  of  the  oldest  flows  followed  by  dominantly  reverse 
to  thrust  faulting  (4) ; and  4)  initial  buckling  in  response  to  a 
horizontal  compressive  load  coupled  with  a layer  instability 
between  the  basalts  and  sub-basalt  sediments  (1,5). 

In  addition  to  the  anticlines,  numerous  strike-slip  faults 
have  been  mapped  in  the  fold  belt.  Anderson  (6)  reports  35 
right-lateral  strike-slip  faults  (mean  strike  N40°W)  and  10 
left-lateral  (mean  strike  N13°E)  in  the  southern  portion  of  the 
fold  belt.  The  lateral  displacement  along  the  most  extensive 
faults  is  typically  small  (<  1 km).  Tolan  et  al.  (7)  suggest 
that  the  strike-slip  faults  can  be  classified  as  either  tear 
faults,  faults  of  limited  extent  or  regional  faults.  Based  on 
paleomagnetic  data,  Reidel  et  al.  (8)  observe  a clockwise 
rotation  in  the  anticlines  relative  to  the  synclines  that  they 
attribute  to  rotation  along  a localized  NW  trending 
right-laterial  shear  system  developed  in  the  anticlines  as  they 
grew. 

In  an  effort  to  find  additional  evidence  of  strike-slip 
faults  within  the  fold  belt,  Landsat  Thematic  Mapper  (TM)  data 
(30  m/pixel) , Seasat  SAR  (25  m/pixel)  and  topographic  data  are 
being  examined  for  prominent  lineaments.  The  TM  data  has  been 
geometrically  corrected  and  edge  enhanced  to  optimize  the 
discrimination  of  linear  features.  Mapped  lineaments  are  then 
digitized  to  facilitate  statistical  analysis  using  double  angle 
method.  To  date  over  80  lineaments  have  been  mapped,  73  of 
which  are  located  in  the  southern  domain  of  the  fold  belt.  Many 
of  these  correspond  to  previously  mapped  right-lateral 
strike-slip  faults.  The  mean  direction  of  the  known  and 
suspected  strike-slip  faults  in  the  southern  domain  is  N37°W 
(circular  variance  = 0.15)  (figure  1).  No  predominant  secondary 
trend  corresponding  to  conjugate  left-lateral  strike-slip  faults 
is  present  in  our  data. 
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Tectonic  domains  where  major  fold  trends  are  transected  by 
conjugate  strike-slip  faults  have  been  documented  (9,10). 

Because  of  the  limited  extent  and  lateral  displacements  of  the 
strike-slip  faults  in  the  fold  belt,  a pure  shear  rather  than  a 
simple  shear  mechanism  should  best  explain  the  geometric 
relationships  between  the  structures.  Pure  shear  is  consistent 
with  the  development  of  relatively  short  (<  100  km)  conjugate 
sets  of  strike-slip  faults  (see  10).  Given  a N-S  directed 
compressive  stress,  the  system  of  structures  possible  includes 
E-W  trending  first-order  folds  and  first-order  right-lateral  and 
conjugate  left-lateral  strike-slip  faults  with  a angle  1 9 to 
the  primary  stress  direction  (figure  2).  The  angle  6 is 
constrained  by  the  Coulomb-Navier  criterion  where  6 is 
related  to  the  coefficient  of  internal  friction  ju.  For 
typical  values  of  n between  0.58  and  1.0,  6 is  in  the 
range  of  22.5°-30°.  In  the  southern  domain  of  the  fold  belt, 
the  mean  direction  of  the  ridges  is  roughly  N80°W.  Taking  the 
normal  to  this  to  be  the  approximate  direction  of  the 
compressive  stress,  the  mean  direction  of  the  known  and 
suspected  right-lateral  strike-slip  faults  is  within  the  range 
for  6.  Although  the  regional  faults  are  thought  to  predate 
the  Columbia  River  basalts  (7),  their  orientation  and  extent  are 
consistent  with  the  expected  system  of  tectonic  features. 

The  anticlinal  ridges  in  the  Yakima  Fold  Belt  have  been 
shown  to  be  good  analogs  to  first-order  ridges  in  wrinkle  ridge 
assemblages  that  occur  in  the  ridged  plains  material  on  Mars 

(5)  . If  the  ridged  plains  material  has  deformed  in  a similar 
style  to  the  basalts  of  the  Yakima  Fold  Belt,  then  strike-slip 
faults  and  their  associated  secondary  structures  may  be  common 
on  Mars.  In  contrast  to  the  Gordii  Dorsum  escarpment, 
interpreted  by  Forsythe  and  Zimbelman  (11)  to  be  a major 
transcurrent  fault,  the  strike-slip  faults  associated  with  the 
first-order  ridges,  like  their  analogs  in  the  Yakima  Fold  Belt, 
would  be  expected  to  be  limited  in  extent,  accommodating  a 
portion  of  the  relatively  low  bulk  strain  apparent  in  the  ridged 
plains . 
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PERIODICALLY  SPACED  WRINKLE  RIDGES  ON  THE  THARSIS 
PLATEAU  OF  MARS.  Thomas  R.  Watters,  Center  for  Earth  and 
Planetary  Studies,  National  Air  and  Space  Museum,  Smithsonian 
Institution,  Washington,  D.C.  20560. 


The  ridged  plains  units  of  the  Tharsis  Plateau  of  Mars  are 
characterized  by  smooth  plains  and  the  presence  of  landforms 
analogous  to  mare  wrinkle  ridges.  The  exact  nature  of  the 
ridged  plains  material  has  yet  to  be  determined.  However, 
indirect  evidence  suggests  that  they  are  the  result  of  flood 
volcanism.  The  origin  of  the  wrinkle  ridges  has  been  the 
subject  of  a number  of  recent  papers  and  some  debate  over  the 
role  of  buckling  and/or  reverse  or  thrust  faulting  (1,  2,  3). 

The  general  consensus,  however,  is  that  wrinkle  ridges  are 
tectonic  features  resulting  from  horizontal  compressive 
stresses.  The  periodic  nature  of  the  wrinkle  ridges  was  firs 
noted  by  Saunders  and  Gregory  (4).  In  this  study,  statistics 
on  the  spacing  were  determined  using  a series  of  sampling 
traverses  at  roughly  12  km  intervals  oriented  perpendicular  to 
the  mean  orientation  of  the  ridges.  The  greatest  frequency  in 
the  observed  spacing  for  the  Tharsis  ridge  system  occurs  in  the 
ranqe  of  25  to  35  km.  The  periodic  spacing  of  the  ridges 
suggests  buckling  at  a critical  wavelength.  The  model  proposed 
here  assumes  that:  1)  deformation  has  occurred  at  the  free 

surface;  2)  the  ridged  plains  are  a multilayered  volcanic 
sequence  resting  on  a mechanically  weak  regolith  of  fmi  e 
thickness  which  is  in  turn  resting  on  a rigid  boundary  (flgure 
1) ; 3)  units  of  flows  are  separated  by  thin  regolith  interbeds 
that  allow  free  slip  between  the  individual  units. _ Solutions 
for  critical  wavelength  have  been  obtained  for  a linearly 
elastic  material  where  the  hydrostatic  restoring  force  is 
considered  and  for  a linearly  viscous  material  where  l is 
not.  The  wavelengths  obtained  from  the  two  solutions  are 
nearly  identical.  The  critical  wavelength  as  a function  of 
thickness  h of  the  ridged  plains  material  for  a strength 
contrast  6A0  = 1,000,  t of  250  and  500  m,  and  a 
regolith  substrate  of  4000  m is  given  in  figure  2.  Here  e 
and  6/-  are  the  elastic  modulus  or  viscosity  of  the  ridged 
plains  material  and  substrate  respectively.  Many  of  the 
observed  spacings  in  the  Tharsis  ridge  system  can  be  explaine 
given  a range  in  thickness  of  the  ridged  plains  material  of 
1,900  to  4,000  m and  £/£0  > 1000.  Thus,  the  ridged 
plains  material  would  be  expected  to  deform  at  least  initially 
by  buckling  when  subjected  to  a horizontal  compressive  load. 
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Figure 


1.  Diagram  of  the  boundary  conditions. 


2.  Critical  wavelength  of  buckling  as  a 
function  of  thickness  of  the  ridged  pi 
material . 


RESURFACING  IN  COPRATES  AND  THICKNESS  OF  THE  RIDGED  PLAINS;  Herbert  Frey, 
Goddard  Space  Flight  Center,  Greenbelt,  MD  20771  and  Tammie  D.  Grant,  Astronomy 
Program,  University  of  Maryland,  College  Park,  MD  20742. 

Major  resurfacing  events  on  Mars  can  be  identified  through  analysis  of  the 

cumualtive  frequency  curves  using  the  Neukum  and  Hiller  (LV  technique.  The  curve 
is  broken  into  branches  (corresponding  to  different  crater  retention  surfaces)  where 

it  departs  from  a standard  production  curve.  The  technque  is  highly  dependent  on 
the  choice  of  production  curve,  and  works  best  for  resurfacing  events  that  are 

efficient  at  removing  craters  and  relatively  discrete  events  (occurring  over  a time 
which  is  short  by  comparison  with  the  repopulation  time).  We  have  shown  the 

technique  is  useful  for  identifying  major  resurfacing  events,  determining  their 
crater  retention  ages,  and  correlating  these  events  over  widely  separated  parts  of 
Mars  (2,3,4).  It  is  also  possible  to  determine  the  minimum  extent  of  now  buried 
surfaces  ’ (5,6)  and  the  thickness  of  the  materials  associated  with  the  different 

resurfacing  events  (6,7). 

Such  studies  have  shown  a very  important  resurfacing  event  on  Mars 
coincident  with  the  emplacement  of  ridged  plains  in  Lunae  Planum  and  elsewhere  (2- 

7).  In  this  paper  we  discuss  the  resurfacing  events  which  dominate  the  history  of  the 
ridged  plains  and  other  units  in  the  Coprates  region,  and  determine  an  average 
thickness  of  the  ridged  plains  within  the  different  terrain  units  in  the  area. 

LUNAE  PLANUM  AGE  (LPA)  RESURFACING  IN  COPRATES 

The  Coprates  region  south  of  the  Valles  Marineris  was  subdivided  based  on 
terrain  morphology  into  six  regions.  From  west  to  east  these  are  the  relatively  smooth 
plains  of  Solis  Planum  (SP),  a transition  region  of  subdued  ridges  (SR),  a central 

region  where  ridges  are  prominant  but  which  also  contains  small  grabens  (RG),  an 

area  of  cratered  terrain  (CT)  at  55  to  60  °W,  a narrow  trough  of  ridged  plains  (CR)  and 
an  extensive  area  of  old  cratered  terrain  east  of  50°W  (NPL3).  For  each  of  these  areas 
we  counted  craters  larger  than  5 km  diameter  and  broke  the  cumulative  frequency 
curves  into  branches  as  described  above.  For  all  but  the  two  most  western  units  a 
strong  branch  was  found  with  crater  retention  age  N(l)=21,000  to  24,000,  associated 

with  the  LPA  resurfacing  (2-4, 6, 7).  The  LPA  event  is  not  restricted  to  the  ridged  plains 
units  (RG.CR)  but  is  seen  in  the  heavily  cratered  terrains  as  well  (CT,NPL3).  In  the 
region  of  ridges  and  grabens,  a younger  branch  at  N(l)=  14,800  appears  to  be  a second 
episode  of  ridged  plains  volcanism,  based  on  the  superposition  of  the  craters  from  this 
branch  on  the  ridges.  If  true,  then  the  oldest  branch  in  the  curve  for  SR  with 

N(l)=13,700  is  probably  a late-finishing  resurfacing  of  the  same  kind.  The  lack  of 
such  a branch  for  the  Solis  Planum  area  where  the  oldest  surface  is  N(l)=5000  implies 
that  ridged  plains  volcanics  have  been  completely  buried  in  this  western-most  unit. 

THICKNESS  OF  RIDGED  PLAINS  IN  COPRATES 

We  have  shown  elsewhere  (6,7)  that  it  is  possible  to  derive  thickness  estimates 

for  the  resurfacing  materials  of  any  age  from  the  smallest  crater  which  survives 
from  this  age  surface.  Surviving  craters  actually  give  the  total  thickness  of  all 
overlying  materials;  differencing  these  total  estimates  for  successive  resurfacing 
events  allow  calculation  of  the  thickness  for  any  event.  It  is  also  possible  to  guess  at 
the  thickness  or  depth  to  surfaces  not  seen  in  the  cumulative  frequency  curve 
branches.  The  production  curve  (1)  provides  an  estimate  of  the  largest  (or  fifth 

largest)  crater  that  should  be  present  on  any  size  surface  of  a given  age;  the  absence 
of  such  craters  implies  that  the  total  overlying  thickness  is  at  least  the  amount  of 
material  needed  to  cover  such  craters  (8).  Using  such  estimates  of  the  thickness  of 
each  unit  and  their  ages,  it  is  possible  to  develop  a crude  stratigraphy  of  resurfacing 

horizons,  which  we  have  done  for  Coprates  in  Figure  1. 
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In  the  eastern  units  of  Coprates  craters  of  moderate  diameter  show  through  tht 
ridged  plains  (CR);  these  are  survivors  from  before  the  LPA  resurfacing.  The  lack  ol 

such  craters  in  Lunae  Planum  implies  that  the  thickness  of  ridged  plains  and  latei 
units  is  much  greater.  Our  more  quantitative  estimates  based  on  the  smallest  survivoi 
bear  agree.  We  estimate  in  CR  that  the  thickness  of  ridged  plains  is  about  100m,  with 
an  additional  245m  of  later  resurfacing  material  above.  By  contrast  the  thickness  ot 

Lunae  Planum  ridged  plains  must  be  about  270m  with  an  additional  315m  above.  This 
thickness  is  much  more  closely  matched  by  the  combined  materials  from  the  two 
episodes  of  LPA  resurfacing  in  the  RG  unit,  which  total  to  290m  with  an  additional 
225m  above.  The  cratered  terrains  have  very  little  LPA  material;  thickness  of  latei 
materials  are  roughly  the  same.  Younger  resurfacing  materials  thicken  dramatically 

toward  the  west  through  Solis  Planum. 

When  combined  with  topographic  data  from  ground-based  radar,  the 

stratigraphy  of  these  units  can  be  placed  in  a context  which  helps  explain  the 
variations  in  thickness.  As  shown  in  Figure  2,  the  great  thicknesses  of  ridged  plains 
materials  occurs  at  the  low  portion  of  the  downhill  slope  from  Tharsis  eastward  into 
Coprates;  in  the  central  area  the  plains  have  contributed  significantly  to  the  height. 
Eastward  the  ridged  plains  thin  in  the  higher-standing  cratered  terrain,  and  thicken 

somewhat  in  the  trough  region  further  east.  Information  of  this  sort  is  particlarly 
useful  when  correlated  with  similar  resurfacing  events  elsewhere  on  Mars  (7). 
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FIGURE  1.  N(l)  ages  of  resurfacing  events  (in  thousands)  are  shown  at 
the  sides  of  each  section.  Thicknesses  shown  within  each  section-? 
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CROSSCUTTING  PERIODICALLY  SPACED  FIRST-ORDER  RIDGES  IN 
THE  RIDGED  PLAINS  OF  HESPERIA  PLANUM:  ANOTHER  CASE  FOR  A 

BUCKLING  MODEL 

Thomas  R.  Watters  and  D.  John  Chadwick,  Center  for  Earth  and 
Planetary  Studies,  National  Air  and  Space  Museum,  Smithsonian 
Institution,  Washington,  D.C.  20560 

Hesperia  Planum  (20 °S,  250 °W)  is  one  of  the  largest 
contiguous  areas  of  ridged  plains  on  Mars  outside  of  the  Tharsis 
Plateau.  Ridged  plains  units  on  Mars  are  characterized  by  the 
presence  of  landforms  analogous  to  those  in  mare  wrinkle  ridge 
assemblages  (1) . Like  the  ridged  plains  of  Tharsis,  those  of 
Hesperia  Planum  are  associated  with  a volcanic  center.  Tyrrhena 
Patera  is  a relatively  small,  heavily  degraded  shield  volcano 
surrounded  and  embayed  by  ridged  plains  material  (2).  The 
first-order  ridges  of  Hesperia  Planum  are  morphologically  and 
dimensionally  analogous  to  those  on  Tharsis,  However  the 
sPalial  relationship  of  the  ridges  is  much  more  complex.  Many 
of  the  ridges  crosscut  one  another  at  nearly  orthogonal  angles 
forming  what  have  been  termed  as  reticulate  ridge  patterns 
(3,4)  . 

The  ridged  plains  of  Hesperia  Planum  with  prominent 
reticulate  ridge  patterns  lie  to  the  east  and  southeast  of 

Th?  retfculate  pattern  has  been  separated  into 
. ets  of  first-order  ridges,  one  with  a predominant  NW-SE 
trend  and  the  other  with  a predominant  NE-SW  trend.  Using  the 

h?'°°?'0°0  c?ntrolled. Photomosaics  as  a base,  ridge  spacing  was 
determined  using  a series  of  sampling  traverses  spaced  at 
roughly  12  km  intervals  oriented  perpendicular  to  the 
predominant  trend  of  each  set  of  ridges.  Since  the  method  used 
to  determine  ridge  spacing  includes  all  measurements  between  any 
two  ridges  along  the  sampling  traverse  including  spacings 
between  ridges  that  are  not  immediately  adjacent,  and  the 
frequency  distribution  of  ridge  spacing  is  generally  asymmetric, 
the  mode  is  the  most  reliable  measure  of  the  average  spacing. 
Based  on  the  results  of  this  study,  both  the  NW-SE  and  the  NE-SW 
trending  ridge  sets  have  an  average  spacing  of  30  km. 

The  near  consistent  spacing  of  both  sets  of  first-order 
ridges  can  be  explained  by  two  superimposed  episodes  of  buckling 
of  the  ridged  plains  material  at  a critical  wavelength  where  the 
maximum  compressive  stress  direction  has  changed  by  roughly 
90  . In  this  fold  model  (5) , it  is  assumed  that  the  ridged 
plains  material:  1)  deformed  at  the  free  surface  under  little  or 
no  confining  pressure  and,  2)  behaves  like  a series  of  thin 
linearly  elastic  plates  with  essentially  frictionless  contacts. 

An  elastic  rheology  was  chosen  over  linearly  viscous  or 
power-law  flow  (see  6)  because  at  low  temperatures  and 
pressures,  ductility  is  rarely  observed  in  rock  (7) . Free  slip 
between  layers  is  assumed  based  on  the  likely  presence  of 
regolith  interbeds  in  the  ridged  plains  volcanic  sequence.  The 
presence  of  such  interbeds  in  a flood  basalt  sequence  is 
consistent  with  subsurface  data  in  Mare  Serenitatis  and  Mare 
Cnsium  on  the  Moon  and  the  Columbia  Plateau. 
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The  multilayer  rests  on  a mechanically  weak  regolith 
substrate  of  finite  thickness  which  is  in  turn  resting  on  a 
rigid  boundary.  The  rigid  basement  does  not  participate  in  the 
deformation,  thus  no  assumption  of  whole  lithosphere  deformation 
is  necessary  to  explain  the  periodically  spaced  ridges.  In  the 
model  proposed  here,  the  basement  is  assumed  to  have  elastic 
properties  equal  to  the  ridged  plains  material.  This  is  not 
unreasonable  since  it  is  assumed  that  the  deformation  involving 
the  ridged  plains  is  limited  to  the  upper  crust  of  Mars  (<  10 
km) . The  observed  wavelengths  of  many  of  the  ridges  can  be 
explained  by  this  model,  at  critical  stresses  below  the  maximum 
compressive  strength  envelope  of  a basalt-like  material,  given 
that:  1)  the  ratio  in  Young's  modulus  between  the  ridged  plains 

material  and  the  underlying  regolith  E/E^  > 1000;  2)  the 
thickness  of  the  ridged  plains  material  is  between  roughly  2,000 
and  4,100  m;  and  3)  the  average  thickness  of  a layer  in  the 
sequence  is  between  250  and  500  m (figure  2) . 

The  origin  of  compressional  stress  that  resulted  in 
crosscutting  ridges  in  Hesperia  Planum  is  not  clear.  In  the 
case  of  the  ridged  plains  of  the  Tharsis  Plateau,  compressional 
stress  may  be  the  result  of  isostatic  uplift  (8,9,10).  However, 
in  the  absence  of  a "Tharsis-like"  uplift  or  load  in  Hesperia 
Planum  and  other  ridged  plains  provinces  on  Mars  (i.e.,  Syrtis 
Major  Planum,  Malea  Planum) , other  mechanisms  must  be  sought. 
Compressional  stress  may  result  from  local  subsidence  due  to 
loading  from  the  ridged  plains  material  (see  4) . However,  local 
subsidence  will  likely  generate  only  a single  dominant  trend 
related  to  the  geometry  of  the  basin.  A combination  of  local 
subsidence  and  a later  superimposed  regional  tectonic  event 
could  account  for  the  crosscutting  ridge  pattern. 
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Figure  1.  Crosscutting  first-order  ridges  in  the 
ridged  plains  of  Hesperia  Planum. 
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Figure  2.  Critical  wavelength  of  buckling  as  a 

function  of  thickness  of  the  ridged  plains 
material . 
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the  OLYMPUS  MONS  SCARP  AND  AUREOLE:  A STRUCTURAL  AND  RHEOLOGICAL 
MODAnSRB™X^™nNLabora,o^,  California  Insriluie  of  Technology,  4800  Oak 
Grove  Drive,  Pasadena,  CA  91109. 

The  prominent  scarp  and  anreole  ;ha=ds 

to  be  a result  of:  1)  differential  eT°~nK-  d Riehle  1974;  Williams,  1988);  2)  land  sliding  of 
erodible  lava  flows  (Carr  et  al.,  19  , g ^ ’ t ^ 198O;  Francis  and  Wadge,  1983; 

the  outer  flanks  of  the  volcano  (Head  et £ -.1976.  ^ Moore,  1979);  and  4)  thmst 

Tanaka,  1985);  3)  subglacial  emp  (Morris  1981a,b).  These  interpretations  do  not  fully 

faults  due  to  the  gravity  failure  of  the  edifice  ( , scarp,  the  secondary  scarps 

account  for  the  ridges  and  the  gcnUe  coun  e Qj~the  scarp  ^und  the  volcano,  source  region  of 
downhill  from  the  scarp,  the  mirro  y ’D'  , . Qf  foe  aureole.  We  suggest  that  the 

the  aureole,  major  strikeslip  faults  in  e au  ’ , ,1  ^ . has  formed  by  gravitational  failure 

scarp  is  the  surface  exP^°n°f  ^propagation  fold  has  created  the  necessary  topographic  relief 
and  spreading  of  the  volcano,  the  tau  p P g.  -ts  found  (n  the  aureole.  Modeling  of  clay  slurry 
for  the  formation  of  the  extensive  mass-flow  tomtom similar  to  that  of  clay, 
flows  shows  that  the  rheology  of  the  a^ole  du  g P Rica  Volcanic  Range. 

This  thesis  is  based  on  a teirestnal  analog  «mtje  ^nmn^  ^ 1(X)_2()0  m high 

This  west-northwest  trending  v j^e  north: and  to  the  south  of  the  range,  parallel 
scarps,  which  are  symmetrically  loc  secondary  scarps  exist  at  the  summit  and  at  the 

Ste “ppites  Scarps)  were  interpreted  as  the  normal  faults  delimrung  a 

back-arc  basin  (the  Nicaragua  Graben)  conducted  on  the  Alajuela  Scarp  and 

Detailed  geological  and  geophysical  , ]gon\  The  stratigraphic  sequence  consists 

preliminary  work  on  the  other  two  Pleistocene, 

of  the  Pliocene,  clay-nch,  volcano  sedimentary  g ■ • brites  interbedded  with  weathered, 

massive,  >10  m thick,  basaltic  andesite  lava  flow  crQ  out  uphiU  and  downhill  from 

partially  consolidated  ash  beds.  Recent  fl  downhill  from  the  scarp.  The  structure  shows 

the  scarp;  lahars  and  talus  slope  deposits  ®4SJ  bsyof  asymmetric  angular  anticlines  that  verge 
that  the  scarps  are  the  steeply  dipping  f correspond  to  the  hinge  zone  of  the  anticlines 

away  from  the  Volcanic  Range  (Fig.  1).  1 The  n< Igcsc J^nes  ^d  associated 

whose  back  limbs  gently  dip  towards  ^ ^gs)  formed  in  front  of 

faults  suggest  that  they  fa^l"P^-Pb|  voicanic  range The  thrust  faults  step  up  from  depths  of 
low-angle  thrust  faiilts  at  the  base  2 km  and  terminate  in  the  axial  surfaces  of  the  frontal 

about  500  m over  distances  of  aPPro*™  Y , „u  „ngie  breakthrough  are  observed.  Tear 
synclines.  Frequently,  fold8 geometries.  The  hanging  wall  of  each 

faults  separate  blocks  with  dtf^rent  *au  P P ® The  presence  of  secondary 

fault  has  been  misted  about  200  m ion  g secondary  thrust  faults 

scarps  in  front  of  die  main  o«  »H5«B  ”y “tension  on  *e  range  axis 

also.  Thrusting  on  the  lower  flanl«  of  the  8 surveys  of  the  Alajuela  Scarp  are 

tear 

PliocenedPkismcene  bound^^d^OTm^b^grav^tional  failureand  sPrcal^nS 

Volcanic  Range  possibly  triggered  by  the 'ntrus'°^  aTd  related  structures,  such  as  tear  faults  and 
The  morphologies  of  the  Olympus  Mons  scarp  and  g^oucmes,^  ^ ^ ^ ^ 

secondary  scarps,  are  very  similar  to  those  of  U»  a ^ ^ sjmjlar  proc<_ss  for  the  formadon  of  the 

the  smicture  of  Olympus  Mons  (and  perhaps  par,  of  die 
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lithosphere)  failed  under  the  gravitational  load  of  the  unif-nnn  tt, 

low-angle  thrust  faults  produced  the  scarps  according  m rh?f*  ^ COnsequent  spreading  along 
presence  of  low-angle  thrust  faults  on  Campus  MonVand  P?Pugatl,°n  fold  mechanism.  Th 
Harris  (1977)  and  Moms  (1981a,b)  SpreaTng  X?he  ds?  5660  su^ested  by 

predominantly  towards  the  northwest  S volcano  was 

along  a northeast-southwest  trend  (Francis  and  Wadge  nfting  and  volcamc  activity 

gradient  at  the  scarp  during  uplift  of  ln  “^TOhic 

common  to  the  aureole.  This  model  suggests  that  Olvmnnc  u16  arge  mass  q°w  deposits 

that  no  ancestral  Olympus  Mons  (Harris5  1977-  Lope^t  jd  5660  f^ly.  and 

(Francis  and  Wadge,  1983)  are  necessarv  to  arimiif  et,T'’  98°)  nor  rotatlon  m the  stress  field 
northeast-southwest  volcanic  activity.  °F  6 presence  °f  tbe  scarp  and  of  the  latest 

OlympuTMoXaureoTe5  ^ 8*°^  of  the  lobes  of  the 

cylinder  viscometer  and  a novel  general  method  for  3S  tes[ed  10  a WJde-gap  concentric 
non-linear  rheology  of  the  slurry8 was  developed  (see  befowi^  C?nstltutive  equation  of  the 
pseudoplastic  and  to  have  a shear  rate  denenrW , • W ' ^?1S  s urry  was  found  to  be 
a variable  slope  both  at  constant  and  v^iJble  "eruntion"  raS  Was  ”eruPted"  down 

the  flow  was  monitored  in  time.  At  small  slope  angles  the  m ’ XX  devri°P‘ng  morphology  of 
remarkably  similar  to  the  lobes  of  the  aureoleVig5?!  S ^ °lay  slurry  flows  was 

smkeslip  faults,  and  some  of  some  f P™»n  of  the 

suggesung  that  the  clay  slurry  had  a rheoloev  annrSim«J • the  aureole  were  reproduced, 
deposits  of  the  aureole  AnXictd  ^d  numeHcaf^T.  y 10  that  of  flow 

underway.  This  modeling  S“e S f *'  ?'ay  S‘Uny  flows  is  eurrendy 
its  morphology  and,  as  a 'consequence!  a irTS*  °f  the  aureoie  ftom 
The  novel  method  for  computing  thTc^SS^  X ° US  Probable  composition, 
propagation  of  errors  for  the  recoveryof  the  sheXrate  fKm  Xi  °f  3 non'linear  fluid  considers  the 
viscometric  measurements  A least  sonX  * wide-gap  concentric  cylinder 

of  arbitrary  functions  is  used  to  propagate  thlirroS"^ th?S  °°  velocity  data  to  a system 

shearing,  and  that,  for  at  rest  the"  “ng 

approxrmates  reasonably  well  its  rheoloCT  The  error?n^usl/  para7eter  c0"smunve  equation 
rheology  of  fluids  such  as  particle  suspensions  slX^Xf™  pres,ented  1S  useful  for  studying  the 
measurements  of  these  fluids  are  usuativ  affected  h^l  ' f£  S and  maSma-  The  viscometric 
"non-Couene”  flow  in  the  Wscomerer  and  hvS  by  s‘8"lfiFa"‘  errors  that  are  introduced  by 
rheological  parameters.  y rnPeiiullrc'  hme  and  shear  rate  dependence  of  the 
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Fig.  1.  Retrodeformable  geologic  cross-section  of  the  Alajuela  Scarp  along  Rio  Itiquis.  Geometry  of 
surficiai  beds  is  measured,  the  dip  structure  is  based  on  fault-propagation  fold  theory  (Suppe,  1983, 
1985).  Upper  continuos  line  is  topography.  North  is  to  the  right.  A similar  model  may  be  applicable  to 
Olympus  Mons  scarp. 


a 


b 


Fig.  2.  Sketch  of  the  northern  lobe  of  Olympus  Mons  aureole  (a)  and  of  a clay  slurry  flow  (b).  Note 
similarity  of  overall  shape  and  strikeslip  faults. 
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GEOMETRY  OF  STRESSES  AROUND  THARSIS  ON  MARS; 

M.  P.  Golombek,  Jet  Propulsion  Laboratory,  Caltech,  Pasadena,  CA  91109 

A variety  of  workers  have  attempted  to  use  the  location  and  orientation  of 
tectonic  features  in  and  around  the  Tharsis  province  on  Mars  to  constrain  the 
geometry  of  the  causative  stress  field.  In  particular,  Tharsis  is  characterized  by  an 
enormous  radiating  system  of  grabens  that  extends  over  one  half  of  the  planet 
and  a sweeping  circumferential  system  of  wrinkle  ridges.  Because  the 
orientation  of  these  structures  is  a result  of  the  geometry  of  the  stress  field,  traces 
of  grabens  and  normals  to  wrinkle  ridges  can  be  used  to  test  the  true  radial 
nature  of  the  causative  stress  fields  and  to  see  if  different  tectonic  features  and 
episodes  had  geometrically  similar  stress  fields. 

Wise,  Golombek  and  McGill  (1979)  first  tried  such  a test  by  plotting  the 
traces  of  the  most  strongly  developed  grabens  and  normals  to  representative 
wrinkle  ridges  on  the  upper  hemisphere  of  an  equal  area  net,  centered  on 
Tharsis.  The  lines  were  fit  to  great  circles  on  the  net,  and  the  density  of  the  great 
circle  intersections  was  contoured.  A similar  analysis  was  done  by  Plescia  and 
Saunders  (1982)  using  a comprehensive  data  base  of  grabens  and  normal  faults. 
Finally,  Watters  and  Maxwell  (1986)  used  a comprehensive  data  set  of  Martian 
wrinkle  ridges  to  test  their  circularity.  There  are  problems  with  each  of  these 
studies  however.  Wise  et  al.  (1979)  used  a very  small  data  set,  Plescia  and 
Saunders  (1982)  did  not  contour  the  great  circle  intersections,  and  Watters  and 
Maxwell  (1986)  used  a different  plotting  routine  from  that  used  by  previous 
workers.  As  a result,  a consistent  quantitative  test  of  the  stress  fields  responsible 
for  the  radial  grabens  and  concentric  wrinkle  ridges  has  not  been  done  using  the 
large  data  sets  now  available. 

Part  of  the  reason  for  the  lack  of  quantitative  analysis  of  the  tectonic  data 
sets  is  that  the  number  of  intersections  of  great  circles  on  a net  is  n(n-l)/2,  where 
n is  the  number  of  great  circles.  Contouring  by  hand  therefore  becomes 
impossible  for  any  but  small  data  sets.  However,  the  analysis  of  the  intersection 
points  of  traces  of  great  circles  on  a net  is  identical  to  the  beta  analysis  of  lines 
produced  from  the  intersection  of  planes  on  a net  in  structural  geology,  for 
which  computer  contouring  programs  exist.  For  this  analysis  a published 
FORTRAN  program  (Beasley,  1981)  was  modified  for  operation  on  a personal 
computer.  The  program  takes  the  information  defining  the  planes  and 
iteratively  counts  their  intersections  on  a net  with  the  percentage  density  of 
intersections  in  finely  divided  1.0%  counting  areas. 

Note  that  this  analysis  implicitly  assumes  that  the  trace  of  a graben 
represents  the  trace  of  the  intermediate  principal  stress,  S2,  on  the  surface  of  the 
planet,  and  that  the  operative  stress  field  had  a vertical  maximum  principal 
stress.  Si,  and  a horizontal  minimum  principal  stress,  S3,  perpendicular  to  the 
fault  trace.  As  a result,  the  great  circle  of  a graben  over  an  extended  distance  on  a 
planet  s surface  is  represented  by  the  Si  - S2  plane,  which  is  everywhere  vertical 
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at  the  planet’s  surface  (along  the  grabens  trace)  and  if  extended  would  intersect 
the  center  of  the  planet.  For  a wrinkle  ridge,  the  analysis  assumes  that  its  norma 
represents  the  Si  - S3  plane,  which  is  perpendicular  to  the  surface  of  the  planet 
alone  its  entire  trace  and  if  extended  would  intersect  the  center  of  the  planet.  As 
a result,  this  analysis  has  a physical  basis  in  terms  of  the  inferred  orientation  of 
stresses  within  the  lithosphere  of  the  planet.  The  pattern  of  the  contoured 
intersections  can  then  be  used  to  gauge  how  well  the  set  of  tectonic  features  is 
radial  about  a point.  For  example,  a circular  "bull’s  eye"  pattern  with  one  central 
concentration  of  high  density  is  a good  indication  of  a radial  distribution, 
whereas  an  asymmetric  pattern  with  a number  of  smaller  density  concentration 

maxima  indicates  a non-radial  system.  , 

For  this  analysis  we  have  used  the  graben  data  compiled  by  Plescia  and 
Saunders  (1982),  which  includes  only  those  faults  that  extend  over  several 
degrees  of  the  planet's  surface  to  represent  truly  regional  events  during  the  two 
main  Tharsis  faulting  events:  the  earlier  Syria  faults  (n=83)  and  the  shg  t y a er 
(or  possibly  partially  coeval)  Pavonis  faults  (n=60).  We  have  used  the  wrinkle 
ridge  datagram  Watters  and  Maxwell  (1986),  which  represent  10  xlO  length- 
weighted  means  of  1850  ridge  segments.  The  long  faults  and  the  length  average 
wrinkle  ridges  most  likely  represent  regional  fault  sets,  indicative  of  regiona 

stresses  ... 

Contoured  intersection  plots  for  the  data  sets  show  significant 

concentrations  with  single  maxima  intersections  of  circular  to  slightly  elongate 
bull's  eye  patterns.  The  3403  Syria  fault  intersections  define  a slightly  northeast- 
elongate  single  maximum  pattern  with  a maximum  concentration  o just  over 
25%  per  1%  area,  centered  at  -10°,  101°.  This  is  very  close  to  the  Syria  center  (-8  , 
100°)  defined  bv  Plescia  and  Saunders  (1982).  The  1770  Pavonis  fault  intersections 
define  a circular  bull's  eye  pattern  with  a maximum  concentration  of  about  40  /o 
per  1%  area,  centered  at  -5°,  113°,  which  is  very  close  to  the  center  (-4  , 110  ) 
defined  by  Plescia  and  Saunders  (1982).  It  is  remarkable  that  these  results  are  so 
close  to  those  of  Plescia  and  Saunders,  given  that  their  centers  were  picked  by 
hand.  Furthermore,  to  a first  approximation  the  quantitatively  contoured  plots 
support  Plescia  and  Saunders’  assertion  that  these  centers  of  faulting  are  areally 
distinct,  being  separated  by  over  10°  on  the  planets  surface.  e 
intersections  of  normals  to  wrinkle  ridges  define  a slightly  west-elongate  single 
maximum  pattern  with  a maximum  concentration  of  about  16%  per  1 to  area, 
centered  at  -6°,  101°,  which  is  virtually  indistinguishable  from  the  Syria  center. 
This  result  is  contrary  to  the  results  of  Wise  et  al.  (1979),  based  on  a very  imite 
sample,  and  slightly  different  from  one  of  the  centers  of  Watters  and  Maxwel 
(1986)  based  on  a different  data  plotting  routine.  This  suggests  that  the  regional 
stress  system  responsible  for  the  Syria  grabens  around  Tharsis  is  very  similar  in 
orientation  to  that  responsible  for  the  wrinkle  ridges.  These  results  are 
intriguing,  given  that  Watters  and  Maxwell  (1986)  place  the  formation  of  the 
ridges  after  the  Syria-centered  faulting  and  thus  both  have  resulted  from 
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similarly  oriented  stress  fields,  although  the  relative  magnitude  of  the  principal 
stresses  must  have  changed.  ^ ^ 

Contoured  intersection  plots  of  combinations  of  the  data  sets  also  show 
single  center  intersection  patterns.  Intersections  (10,153)  of  143  faults  from  both 
the  Syria  and  Pavoms  fault  sets  define  a northeast-elongate  single  maximum 
pattern  with  a maximum  concentration  of  about  20%  per  1%  area,  centered  at  -6° 
05  , roughly  between  the  centers  of  the  individual  fault  sets.  Thus,  although 
individually  the  two  Tharsis  fault  sets  appear  to  define  different  centers,  taken 
together  over  the  time  during  which  both  fault  sets  formed,  which  may  be  short 
they  also  define  a radial  center  of  faulting,  as  has  been  suggested  since  the  study 
of  Tharsis  began.  This  implies  a broadly  radial  stress  field  and  that  the  difference 
et ween  the  stress  fields  responsible  for  the  Syria  and  Pavonis  faults  is  small 
The  18,528  intersecttons  of  both  fault  systems  and  the  wrinkle  ridge  normals  (all 
totaling  193)  define  a northeast-elongate  single  maximum  pattern  with  a 
maximum  concentration  of  about  14%  per  1%  area,  centered  at  -5°,  106°.  This 
center  is  close  to  that  of  both  fault  sets  together  as  well  as  the  centers  defined  by 
the  Syria  faults  and  the  ridges  individually. 

In  conclusion,  careful  consideration  has  been  given  to  the  gross  geometry 
of  the  regional  structural  features  around  the  Tharsis  province  on  Mars  using 
comprehensive  data  sets  and  a computer  program  for  quantifying  their  great 
circle  intersections.  This  data  analysis  technique  has  a direct  link  to  the  stress 
state  that  produced  the  structures  over  a hemisphere  of  the  planet.  Contrary  to 
various  analyses  done  previously,  the  normal  faults  and  compressional  wrinkle 
ridges  around  Tharsis  define  a radial  system,  with  minor  changes  over  time  and 
directly  indicate  that  the  causative  stress  field  is  radial  to  a region  north  of  Syria 
Planum  in  the  area  of  Noctis  Labyrinthus  near  the  maximum  elevation  of  the 
Tharsis  plateau.  Although  the  relative  magnitude  of  the  vertical  and  horizontal 
principal  stresses  must  have  changed  to  form  the  grabens  and  the  wrinkle  ridges 
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FAULTING  AND  ITS  RELATION  TO  VOLCANISM:  MARS  WESTERN  EQUATORIAL  REGION  David 
H S«U  and  James  Dohm,  U.S.  Geological  Survey,  2255  N.  Gemini  Dr., 

Flagstaff,  AZ  86001. 

Recently  completed  geologic  maps  of  Mars  < 1-3)  show 

“/ ^rl^cCsW  NSl^.^Un-Mlan 

Periods  The  map  series  Is  being  compiled  on  Viking  photomosaics  at 
interact  ve^role^of  !.r»^  Mars. 

:Si3i  "Ivi  ^nrI/S9iiaIi  the 

tntne  and  to  a lessen  extent Aiba  Ratera>  Sypia  pianum  and>  t0 

fault  and  ridge  systems  older  than  those  exemplified  by  the  main  tectonic 
aXSS  Within  ITJelu™  equatorial 

leCtriCf  ?e°rVr!ln  (4 )•  rug«d  hills  and  mountains,  highly  faulted  ridge-and- 
vallev1 structures  and  relatively  smooth  uplands  extending  from  the  Lunae 
JillS  SpUtfaUu  Ce  Terra  is  "embayed  and  parti,  cover* d by H»a  I*.  #f 

F 1 «u rlse  1P 1 ni"  1 ’ ( c onp i tlS 3 0 na miSg^^M  1:2.000.000  show 

tKcali^  &i?l  ».t  originated  during  the^oachian  -^Hesperian  ^ 

divlrgence  and  concentricity  of  fault  patterns  around  its  center. 
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FAULT  AND  RIDGE  SYSTEMS:  HISTORICAL  DEVELOPMENT  IN  WESTERN  REGION  OF  MARS 

David  H.  Scott  and  James  Dohm,  U.S.  Geological  Survey,  2255  N.  Gemini  Dr., 
Flagstaff,  AZ  86001. 

The  tectonic  history  of  Mars  can  be  traced,  in  part,  by  mapping  faults 
and  ridges  that  were  formed  during  successive  geologic  periods.  This  has  been 
accomplished  in  the  western  equatorial  region  by  determining  the  relative  ages 
of  these  structures  based  on  their  occurrence  in  rock  units  of  known 
stratigraphic  position.  Three  maps  (Figs.  1-3)  at  reduced  scale 
(1:50,000,000)  show  the  areal  extent  of  geologic  units  that  were  emplaced,  and 
faults  and  ridges  that  originated  during  the  Noachian,  Hesperian,  and 
Amazonian  Periods.  We  extracted  and  compiled  these  data  from  the  geologic  map 
of  the  western  equatorial  region  of  Mars  (Scott  and  Tanaka,  1986),  considering 
that  (1)  faults  and  ridges  of  Amazonian  age  may  extend  across  the  boundaries 
of  older  rock  units;  (2)  structures  of  Hesperian  age  may  extend  into  Noachian 
but  not  Amazonian  rocks;  and  (3)  Noachian  structures  only  occur  within  the 
Noachian  units.  We  also  recognized,  however,  that  older  rocks  may  contain 
younger  faults  and  ridges  whose  ages  cannot  be  determined  unless  they  also 
transect  younger  rocks.  To  make  these  discriminations  where  the  geologic  base 
(1:15,000,000  scale)  did  not  clearly  reveal  the  age  relations.  Viking 
photomosaics  (1:2,000,000  scale)  were  examined.  In  Figures  1-3,  the  rocks 
exposed  within  each  Martian  period  are  enclosed  within  hachured  lines.  Faults 
and  ridges  in  each  period  are  shown  by  lines  marked  by  ball  and  diamond 
respectively.  The  locations  of  volcanic  centers  are  shown  for  reference  only, 
and  do  not  necessarily  reflect  their  time  of  origin. 

Figure  1 and  previous  studies  by  Tanaka  (1987)  indicate  that  most 
faulting  during  the  Noachian  Period  was  associated  with  three  centers:  1)  the 

Tharsis  Montes  axial  trend  and  its  northeastern  and  southwestern  extensions; 

2)  the  Syria  Planum  rise  (-15°  lat,  105°  long);  and  3)  the  Acheron  Fossae 
structure  north  of  Olympus  Mons.  Clusters  of  ridges  also  occur  and  are 
confined  within  Noachian  rocks  but  may  have  originated  during  the  Hesperian 
Period. 

Figure  2 shows  that  extensive  faulting  continued  during  the  Hesperian 
along  the  Tharsis  Montes  trend  and  in  Syria  Planum,  and  was  initiated  radial 
to  Alba  Patera.  Fault  activity  ceased,  however,  at  Acheron  Fossae.  This 
period  marked  the  culmination  in  western  Mars  of  formation  of  ridges  where 
they  occur  in  a broad  oval  pattern  around  the  major  volcanic  centers;  most 
ridges  are  older  than  the  faults  of  this  period,  possibly  suggesting  that 
those  that  occur  in  Noachian  rocks  were  formed  during  an  earlier  period. 

Figure  3 shows  the  great  general  decline  in  tectonism  during  the 
Amazonian  Period.  Only  Alba  Patera  remained  as  a major  fault  center  where 
older  radial  systems  were  rejuvenated  and  concentric  faulting  was  initiated 
around  the  crest  of  the  volcano.  Minor  faults  are  associated  with  Olympus 
Mons  and  its  aureole  materials;  some  are  very  young  as  they  cut  Late  Amazonian 
lava  flows. 
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AN  ANCIENT  VALLES  MARINERIS?;  R.W.  Wichman  and  P.H.  Schultz.  Dept,  of  Geological 
Sciences,  Brown  University,  Providence,  Rl  02912, 


Is  Valles  Marineris  (VM)  on  Mars  unique  to  processes  associated  with  Tharsis  relatively  late  in 
martian  geologic  history?  Or  is  it  only  the  last  and  best  preserved  major  canyon  system  on  the  planet? 
A shallow  trough  system  concentric  to  Hellas  (1.2.3)  may  represent  such  an  ancient  canyon  system 
comparable  in  width  and  extent  to  Valles  Marineris.  In  this  contribution  we  compare  these  two  sys- 
tems and  consider  the  proposal  (4)  that  Valles  Marineris  is  an  analogous  Chryse-centered  trough 
system  rejuvenated  by  mobilization  of  trapped  ground-ice  during  Tharsis  tectonism/volcanism. 

The  shallow  concentric  Hellas  canyons  (HC)  occur  between  1900  and  2500  km  from  the  basin 
center,  outside  both  the  extrapolated  Hellas  boundary  scarp  and  the  associated  topographic  expres- 
sion of  the  Hellas  basin  (5).  The  individual  troughs  range  from  30-100  km  in  width  and  from  300  to  800 
km  in  length.  The  bounding  scarps  are  generally  slightly  furrowed  in  appearance  and  rectilinear  in  plan 
wit  reliefs  on  the  order  of  0.5  km  from  earth-based  radar  data  (6).  To  the  south,  the  scarps  lose 
relief  and  merge  into  the  cratered  plains,  although  ridge/scarp  systems  on  Malea  Planum  (Chal- 
coporos  and  Pityusa  Rupes  in  particular)  may  represent  a continuation  of  the  trend.  To  the  northeast, 
the  trend  is  lost  near  the  crater  Huygens,  perhaps  overprinted  by  Huygens-related  fractures.  The 
troughs  have  been  floored  by  intercrater  plains  units,  and  a back-slope  away  from  the  troughs  is 
suggestive  of  block  rotation  or  relaxation  after  canyon  formation. 

The  geometric  similarity  between  the  HC  and  VM  relative  to  the  Hellas  and  Chryse  impact  basins 
respectively,  are  documented  in  Figure  1.  The  Hellas  canyons  are  1900-2500  km  from  the  Hellas 
basin  center,  whereas  the  Valles  Marineris  canyons  exhibit  elements  1850-2500  km  in  distance  from 
and  concentric  with  the  Chryse  basin  center  (4).  The  characteristic  lengths  of  the  two  systems  are 
also  similar:  the  Hellas  canyons  extending  over  2600  km;  Valles  Marineris  extending  -3300  km  before 
disappearing  among  the  chaotic  terrains  arching  around  Chryse  to  the  east.  Although  Valles  Marineris 
exhibit  a broad  spectrum  of  canyon  widths  in  general  (from  50  to  150  km),  less  modified  elements 
mimic  the  size  distribution  of  the  narrower  Hellas  canyons  (Figure  2).  The  histograms  in  Figure  3 
further  indicate  a correlation  in  both  continuous  scarp  length  and  linear  segment  length  of  the  HC 
structures  with  observed  lengths  in  the  shorter,  discontinuous  VM  canyons  (Gangis.  Juventae 

Hebes).  Deviations  of  boundary  scarp  strikes  relative  to  the  mean  system  strike  between  the  two 
canyon  systems  are  also  similar. 


The  HC  scarps  are  more  subdued  than  the  VM  canyon  walls,  but  possess  similar  spur  and  groove 
textures.  Although  the  plains  units  cut  by  the  VM  canyons  are  regionally  elevated  along  the  VM  trend 
(7) . a raised  lip  along  the  VM  walls  is  apparent  in  some  topographic  maps  (8) . thereby  indicating  local 
back  slopes  along  the  VM  similar  to  those  observed  in  the  HC.  Gravity  analysis  of  the  VM  further 
indicates  a mass  excess  at  depth  and  poor  compensation  of  the  mass  removed  by  canyon  formation 
(9).  Relative  uplift  due  to  compensation  along  the  canyon  would  result  in  apparent  rotation  of  the 
bounding  scarps  and  produce  a feature  analogous  to  the  HC  troughs. 

The  most  apparent  difference  between  the  two  systems  is  the  canyon  depth:  VM  canyons  typically 
4 to  8 km  (8)  with  HC  canyons  only  -0.5  km  (6).  This  may  partially  reflect  the  much  older  age  of  the 
Hellas  system.  Crater  counts  and  stratigraphic  relations  along  the  HC  scarps  yield  crater  ages  of 
-1000-2000  N(D>5)/106  km*,  whereas  VM  cuts  volcanic  plains  units  with  N(>5)  ages  as  young  as 
125-200  (9)  with  possible  modern  volcanic  activity  along  the  VM  fault  scarps  (10).  The  oldest  age  for 
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VM  has  been  largely  consumed  by  backwasting  although  the  associated  outflow  channels  date  from 
an  N(>5)  age  of  about  27  (11)  and  very  ancient  subparallel  troughs  extend  to  pre-Tharsis  times  (12. 
13). 

Discussion:  We  have  modeled  (3.  14)  the  Hellas  canyons  as  impact-related  fracturing  of  a 
lithosphere  about  120  km  thick.  The  geometric  similarity  of  the  Valles-Marineris/Margaritifer-Chaos 
system  and  the  Hellas  system  with  respect  to  basin  centers  (Figure  1 ) is  consistent  with  a similar 
mechanism  for  the  development  of  precursory  weaknesses  about  Chryse.  In  profile,  the  two  systems 
are  similarly  located  relative  to  the  topographically  defined  central  impact  basins.  If  scaled  to  the 
massif  rings,  however,  the  VM  system  is  slightly  farther  from  the  basin  center  than  the  HC,  perhaps 
due  to  thickening  of  the  lithosphere  with  time  or  variations  in  global  thickness. 

The  formation  of  Valles  Marineris  is  thought  to  result  primarily  from  an  enlargement  of  graben 
and/or  rift  structures  by  mass-wasting,  modified  by  subsequent  deposition  of  interior  fill  deposits 
(15).  The  initial  rifting  episode  is  frequently  cited  as  related  to  the  evolution  of  the  Tharsis  rise  to  the 
west  (7,  15)  and  to  the  Tharsis-radial  trend  of  Valles  Marineris  (16,  17).  Tanaka  et  al.  (9)  proposed 
more  specifically  that  the  VM  developed  from  an  initial  elongate  thermal  anomaly  beneath  the  VM 
region.  Continued  erosion  and  thinning  of  the  lithosphere  eventually  mobilized  ground  ice  by  in- 
creased heat  flow  and  magma.  Thermal  uplift  led  to  doming  and  rifting  near  the  surface  and  allowed 
volatile  release,  which  further  enhanced  the  surface  expression  of  the  rifting  process. 

Alternatively,  the  Chryse  impact  established  a concentric  zone  of  lithospheric  failure  analogous  to 
Hellas.  Subsequent  erosion  filled  these  canyons  with  a sequence  of  sedimentary  and  ejecta  deposits 
capable  of  storing  the  water  released  by  impact  or  volcanism  into  the  early  martian  environment. 
After  regional  plains  volcanism  of  Lunae  Planum  and  Sinae  Planum  capped  these  units,  the  original 
impact  canyon  sequence  would  be  preserved  as  volatile-rich  reservoirs  in  specific  zones  about 
Chryse.  Thermal  reactivation  associated  with  Tharsis  would  subsequently  localize  renewed  fracturing 
and  heating  into  an  elongate  region  as  in  (9)  and  release  the  volatile  reserves  stored  since  the  time 
of  Chryse  formation.  Thus,  thermal  evolution  during  Tharsis  construction  could  rejuvenate  an  older 
impact  fracture  system  as  the  VM  canyons  through  the  mobilization  of  specific  volatile  traps. 

References:  (1)  Peterson  J.E.  (1978).  Proc.  Lunar  Planet.  Sci.  Conf.  IX,  3411-3432.  (2)  Schultz 
P.H.  (1984).  Lunar  and  Planet.  Sci.  XV.  728-729.  (3)  Wichman  R.W.  and  Schultz  P.H.  (1987),  Lunar 
and  Planet.  Sci.  XVIII.  1078-1079.  (4)  Schultz  P.H.  et  al.  (1982),  J.  Geophys.  Res.  87,  9803-9820. 
(5)  Wu,  S.S.C.  et  al.  (1985),  NASA  TM  88383,  614-617.  (6)  Roth,  L.E.  et  al.  (1987),  personal 
communication.  (7)  Blasius,  K.R.  et  al.  (1977),  J.  Geophys.  Res.  82,  4067-4091.  (8)  U.S.  Geological 
Survey  Maps  1-1294  (1980)  and  1-1712  (1986).  (9)  Tanaka  K.L.  et  al.  (1985),  NASA  TM  88383, 
603-604.  (10)  Lucchita  B.K.  (1987).  Science  235,  565-567.  (11)  Masursky  H.J.  et  al.  (1977),  J. 
Geophys.  Res.  82,  4016-4038.  (12)  Schultz  R. A.  and  Frey  H.V.  (1988).  EOS  69.  389-390.  (13) 
Wichman  R.W.  and  Schultz  P.H.  (1986),  Lunar  and  Planet.  Sci.  XVI II,  942-943.  (14)  Wichman  R.W. 
(1988).  Master’s  thesis,  Brown  University.  (15)  Lucchita  B.K.  (1987).  Lunar  and  Planet.  Sci.  XVIII, 
572-573.  (16)  Willemann  R.J.  and  Turcotte  D.L.  (1982),  J.  Geophys.  Res.  87,  9793-9802.  (17) 
Banerdt  W.B.  et  al.  (1982),  J.  Geophys.  Res.  87,  9723-9734, 
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STRUCTURAL  MAPPING  AND  INTERPRETATION  OF  VALLES 
MARINERIS,  MARS.  Richard  A.  Schultz.  Geodynamics  Branch.  NASA  Goddard  Space 
Flight  Center.  Greenbelt.  MD  20771. 

The  Valles  Marineris  (VM)  canyon  system  on  Mars  is  a spectacular  planetary 
rift.  The  erosional  history  of  the  canyons  has  been  studied  extensively  [1-4].  In 
contrast,  very  little  is  known  about  original  canyon  structure  beyond  some  early 
pioneering  studies  [1,2, 5, 6].  Detailed  mapping  of  the  VM  canyons  reported  here 
clarifies  their  structure  and  evolution  and  provides  needed  constraints  on  geophysical 
models  relating  VM  to  Tharsis  tectonic  activity. 

Topography  of  the  canyons  and  vicinity  is  inferred  from  UV  spectrometer  data 
[7],  stereophotogrammetry  of  central  canyons  [8],  and  scattered  measurements  from 
earth-based  radar.  Downs  et  al.  [9]  found  that  former  USGS  elevations  were  several 
km  too  high  relative  to  radar  measurements,  with  larger  errors  occurring  over  more 
rugged  terrain.  The  latest  USGS  topographic  map  [7j  agrees  reasonably  well  with 
the  radar  data.  However,  the  detailed  Coprates  topographic  map  [8]  shows 
excessively  high  elevations  of  VM  plateaus  relative  to  both  radar  [9]  and  new  USGS 
global  topography  [7].  Thus,  canyon  topography  remains  poorly  constrained. 

The  plateau  just  north  of  VM  slopes  gently  east  between  80  and  65  W from 
6.5-6  km  (radar)  or  10-8  km  (USGS  [8]).  The  southern  plateau  stands  at  5-6  km 
(radar)  and  features  a broad  trough  0.5  km  deep  extending  SSW  from  Melas 
Chasma.  The  topography  south  of  the  canyons  is  distinctly  different  from  that  to  the 
north.  Radar  elevations  of  plateaus  between  50-90  west  longitude  average  2-3  km 
north  of  10  N (Lunae  Planum)  and  4-6  km  south  of  5 S.  In  contrast,  western 
canyon  plateaus  locally  reach  7.5  km  (radar)  and  plateau  elevations  appear  quite 
variable  close  to  the  canyons.  The  average  gradient  between  6 S and  10  N is 
only  2 m/km,  or  0.2%.  The  regional  elevations  show  that  VM  does  not  lie  at  the 
crest  of  a regional  dome,  as  inferred  originally  from  Mariner  9 topography,  but 
instead  deforms  a moderately  high  plateau.  Hence,  the  revised  topographic  data  do 
not  support  an  uplift-bending  stress  mechanism  for  localizing  the  canyons  or 
producing  near-canyon  relief. 

Intercanyon  plateaus  (e.g.,  Ophir  Planum)  vary  nonsystematically  in  elevation, 
standing  as  high  or  higher  than  surrounding  plateaus.  Although  canyon  floors  deepen 
from  west  to  east,  extra-canyon  plateau  elevations  also  decrease.  Cross  sections 
derived  from  [8]  show  that  maximum  canyon  relief  (not  elevation)  is  a relatively 
constant  5-7  km  along  strike.  This  implies  that,  to  first  order,  dip-slip 
displacements  of  canyon-bounding  normal  faults  may  have  been  insensitive  to  position 
in  the  central  VM  canyons.  Short  wavelength  topography  close  to  the  canyons  is 
probably  related  to  dip-slip  faulting  instead  of  more  regional  processes. 

Detailed  structural  mapping  on  enlarged  1:2  million  scale  photomosaics  confirms 
that  the  original  structural  canyons  are  much  narrower  (factor  of  3)  than  the  present 
canyon  width.  Some  canyons  are  controlled  by  2 long,  mutually  parallel,  inward 
dipping  normal  faults  (lus,  Tithonium  Chasmata).  Other  canyons  are  defined  by  one 
continuous  fault  scarp  faced  by  several  discontinuous,  echelon  scarps  (Coprates). 
Structures  forming  one  or  both  graben  walls  can  be  inferred  in  Ophir  and  Melas 
Chasmata  only  by  extrapolating  along  isolated  spurs  and  massifs  on  canyon  floors  or 
by  examining  canyon  terminations.  These  wide  canyons  are  probably  composed  of 
several  parallel  grabens. 

Many  structures  found  on  plateaus  surrounding  VM  now  appear  to  have  formed 
during  early  stages  of  canyon  faulting  [10].  For  example,  graben  arrays  on  Ophir 
Planum  may  be  related  kinematically  to  faulting  along  the  Planum's  western  margin, 
which  produced  5-7  km  of  structural  relief.  This  idea  also  supports  the  view  that 
landslide  headscarps  were  controlled  by  plateau  graben  locations  and  trends  [3], 
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rather  than  the  reverse.  Abundance  of  grabens.  pit  OTW  J'rend  between 

ridges  varies  considerably  around  the  canyon^  The^stinct^chang  ^ ^ p|atcau 

Coprates  and  Capri/Eos  Chasm  Mapping  shows  a variety  of  PCC 

grabens  and  PCC  more  than  500  km  to  lh«  «f  n,  3P^f  of  (not  parallel  to)  VM 
trends  east  of  Melas  Chasma.  Some  PCC  Y^'^r  This  implies  that  the  stress 

grabens,  whereas  others  follow  t J . . ,natiallv  along  the  canyon  system  and 
Itate  associated  with  growth  of  PCC  varied  spa  tiaHy  « .long  tne  y Cr»sscutli 

differed  locally  from  that  before  at  least  some 

record  a set  of  early,  pre-VM 

reg^r^j  g 5ts 

near  VM  was  not  influenced  by  » p,y  th  VM  canyons  was  suggested, 
ridges,  so  a sequence  of  ridges  ft  St, . hen. gaben^Wen  v,  growth.  Small 

This  sequence  is  consistent  wi  ^ g whereas  longer  graben 

grabens  south  of  Coprates  are  separated  by  a few  10  .“[.^Jkm  [101  How  did 

rarallefdgrabMenCsarow!  InTwtat  ‘E]'  iTstTbilizet™  the 

infhience  of'S^lg  fX  w^  can  impede  fault  growth  J™-' effect 
becomes  negligible  for  spacngs  > fault  Irmtfh . [Ill-  = ‘“SI™  analogous  to  joint 
SaSWaPS.T^  cane's  dgrbeywinTeth.  they  impeded  further 

growth  of  smaller  parallel  grabens.  . aHHrpssed  The  above  sequence  of 

Several  important  questions  Rilnum-age  ridged  plains, 

faulting  implies  that  VM  canyons  a y 8 canyon  locations  influenced  by  pre- 
Does  canyon  growth  reflect  new  fault  g central  canyons  so  deep? 

Lunae  Planum-age  stratigraphy  or  sttucture?  Why  are  th^ce "t«l  , ^ ,$  ^ 

^^i^ei^questions"  aTe^  ne^s^ry3^^^  vve  ^^"un^erTta^^^ull^Hl^relaHon'ship 
between  Valles  Marineris  and  Tharsis  tectonism. 

REFERENCES:  [1]  Sharp.  R.P  (1973)  JGR  Lucchhta.^B.K. 

Jwsri  Icarus  70  409-441  B Frey.  H ^u!  S.S.C.J  Jordan  R.  and 

l"chdafer:XFJU (1986)  W TM-88383  614-617^4  SSt 

H.  (1988)  EOS  69.  389-390.  [11]  Ay.dinr*  *n< *?' ^^t're  Initiation  and  Growth. 

Workshop  on  Fault  Segmentation  an<J  C°ntr  _ GPeoLf  submitted.  1989.  [12] 

USGS  Open-File  Report,  in  press.  Als  . • • j13,  Pollard.  D.D.  and 

DeGraff  J M.  (1987)  Ph.D.  diss..  Purdue  Umv..  Chap.  b.  l^] 

Aydin  A.  (19881)  Gsk  Bull.  100.  1181-1204. 
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Sherman^S^r  TVf10  OF  VALLES  MARINERIS  OF  MARS 

whf' 1 Patricia  A.  Garcia,  and  Annie  Howington-Kraus, 
U.S.  Geological  Survey,  Flagstaff,  AZ  86001. 


fpI^r^all"fhr1S’,tlle.CaTn1'inds  of  Mars>  are  among  the  most  conspicuous 
tn°  pi e net , They  extend  for  about  5,000  km,  from  lonq  110°  to 

deepest  po“  Is  abouTngtk»fHthe  ‘T0"5  is  about  600  k™ wide  and  Ueir 

l-2Pnnn  r/J  i ,5  k deep;  By  us1n9  a d'9'tal  terrain  model  of  seven 

MCll-SW:  Su'et  II  C01d«51  ™PS  (?C1,7‘!fE-  "C18-NW.  -NE,  -SE,  MC19-NW,  -SU,  and 
two  qpn Anto  +*  * 1 calculated  volumes  of  the  canyon  (Table  1)  in 

Labvri nthus  anrZtha  Fl^’  1*1"'  *hf,  western  segment,  which  includes  Noctis 
assign! ng1  an®a re^of °1  segment, 

the  jap"  c e!r::  ca,  uUted’the'vo^sTf  *° 

channels  to  k’l^foe’x  !q^  kS"  Th^tolaf*"9,™55  °J  *|!e  can^ons  and  th« 
segment  are  2.891  x loO  and  8.673  x 10*^  ^specuJeV^Thll  massif61"" 
about  equal  the  mass  of  the  Tharsis  dome  above  8-km  elevation  (9  L x In  & . , 

ATM  IT  TILT  the  Th-is  d«  ab°-  3^ 'SiStft'K  x k9) 


kg)  (Wu  et  al . , 1988). 

Table  1.  Vojumjs  of  Valles  Marineris  Canyons  and  Channels.  (Al,  values  are  x 


Elevation  Western  Segment 

(km)  increment  Cumulative 


Eastern  Segment 
increment-  Cumulative 


Total 

Cumulative 


-4 

-3 

-2 

-1 

0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


0 

0 

0.006 

0.006 

0.039 

0.045 

0.100 

0.145 

0.187 

0.332 

0.264 

0.596 

0.348 

0.944 

0.409 

1.353 

0.489 

1.842 

0.512 

2.354 

0.428 

2.782 

0.104 

2.886 

0.005 

2.891 

0 

0 

0.009 

0.009 

0.091 

0.100 

0.382 

0.482 

0.586 

1.068 

0.398 

1.466 

0.312 

1.778 

0.207 

1.985 

0.025 

2.010 

0 

0.009 
0. 100 
0.488 
1.113 
1.611 
2.110 
2.581 
2.954 

3.363 
3.852 

4.364 
4.792 
4.896 
4.901 
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CANYON  STRUCTURE  IN  THE  HEBES-JUVENTAE-GANGIS  AREA,  MARS.  Steven  K.  Croft,  Lunar  & 
Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ  85721. 


A re-analysis  of  canyon  structure  and  the  mechanism(s)  of  canyon  formation  in  and  aroun 
Vallis  Marineris  is  being  carried  out  based  on  local  high-resolution  geologic  mapping  (primarily  m 
Hebes  and  Juventae  Chasmata),  regional  geologic  analysis,  topography  and  stability  analyses,  and 
regional  spectral  analysis.  Several  different  types  of  canyon-related  depressions  exist  in  this  area 
including:  closed,  rough-floored  canyons  (Hebes),  open,  flat  floored  canyons  (Echus,  Gangis),  closed 
sinkhole-like  depressions  (Ganges  Catena),  and  rugged,  closed  depressions  in  and  around  pre-exis  ing 
impact  craters  (Coprates  Lx  and  Ku).  Geometric  relationships  tie  these  multiple  canyon  types  together 
into  long  (order  1000  km)  "strings"  related  to  the  E-W  regional  tectonic  structure  (e.g  Echus-Hebes- 
Ganges  Catena-Coprates  Lx- Juventae) . At  least  three  major  tectonic  "strings"  parallel  each  o er 
through  the  entire  Coprates  quadrangle:  Echus-Juventae,  Candor-Gangis,  and  lus-Coprates,  with 
several  smaller  parallel  branches.  Each  of  the  strings  includes  an  obvious  outflow  channel,  general  y 
at  the  topographically  low  east  end.  These  strings  run  along  the  crest  of  a topographic  n ge 
extending^ eastward  from  the  sub-circular  Tharsis  uplift.  A few  large  N-S  faults  apparently  CUJ 
the  area  e.g.,  the  east  wall  of  the  box-like  Ophir  Chasma  aligns  with  the  west  wall  of  Juventae 
Three  modes  of  slope  failure  have  been  identified(l)  as  having  been  active  in  widening  individual 
canyons:  1)  surficial  debris  slides  (tens  of  km3  off  the  steep  walls  of  the  rugged  spur-and-gully  type 
walls  that  comprise  most  of  the  canyon  walls;  2)  sapping  channels  that  c^  deeply  into  the 
surrounding  plateau,  frequently  along  small  pre-existing  grabens;  3)  large  debns  slides  (100  s of  km  ) 
that  form  sheer  arcuate  segments  of  wall  tens  of  km  long  that  cut  5 - 10  km  into  the  plateau, 
fourth  mode  has  been  documented  through  the  detailed  mapping  in  Hebes:  coherent  subsidence 
blocks  (100’s  of  km3)  with  horizontal  block  dimensions  up  to  several  tens  of  km.  (Gradational 

morphologies  between  the  last  two  types  exist.)  ,.  , 

Several  mechanisms  have  been  proposed  for  formation  of  the  overall  canyon  system,  all  of  which 
have  drawbacks  (2,3).  None  of  the  simple  observed  modes  of  slope  failure  can  account  for  t e 
formation  of  the  canyons,  particularly  the  closed  depressions  like  Hebes.  Models  invoking  failure  in 
ice-saturated  soils  and  subsequent  dispersal  of  the  desiccated  dust  are  untenable  because  such  froz 
soils  cannot  support  the  observed  topography:  the  multi-kilometer  high  walls  generate  shear  stresses 
of  hundreds  of  bars  that  would  drive  plastic  or  shear  failure  on  time  scales  of  hours  to  days (4), 
incompatible  with  the  great  age  of  Vallis  Marineris.  Further,  the  observed  failure  surfaces  of  the  arge 
debris  slides  and  block  slumps  cut  several  kilometers  down  and  back  mto  thawed  zo>ne  of  the  pre- 
existing wall,  which  is  extremely  unlikely  if  wall  cohesion  and  strength  were  provided  by  ice.  Even 
assuming  such  slip  surfaces  could  form,  new  scarp  faces  should  show  some  form  of  flow  or  seepage, 
which  are  not  evident,  at  the  level  in  the  wall  (about  one  km  down)  where  subsurface  temperatures 

reached  273  K 

Spencer  & Croft(5)  proposed  that  the  canyons  formed  at  least  in  part  as  collapse  structures  in 
massive  deposits  of  carbonate  rock-"realn  karst  as  opposed  to  "thermokarst".  The  competent  roc 
could  support  the  observed  topography  and  produce  the  collapse  structures.  The  original  drawbacks 
of  this  model  were  the  lack  of  any  direct  evidence  for  carbonate  rocks  and  the  extremely  large  vo  ume 
of  water  that  must  be  circulated  to  remove  the  observed  volume  of  the  canyons.  However,  the  recent 
spectroscopic  detection  of  a carbonate  derived  rock,  scapolite  (6),  has  now  provided  direct  evidence 
for  the  existence  of  extensive  carbonate  deposits,  and  calculations  using  groundwater  containing 
dilute  sulfuric  acid  that  probably  exist  on  Mars  reduces  the  required  circulated  water  volume  to 
reasonable  levels  (7).  In  addition  to  the  karst-like  collapse  pits,  there  is  evidence  for  tectonic 
subsidence  as  well.  Blasius  et.al.(l)  noted  post-wall  faults  in  Melas-Coprates.  Lucchitta  (8)  h 
argued  for  differential  subsidence  in  eastern  Ophir  based  on  floor  deposit  patterns.  Mapping  in  Hebes 
indicates  chaotic  terrain  at  two  distinct  topographic  levels  4 and  5 km  below  the  plateau  level, 
other  occurrences  of  chaotic  terrain  are  associated  with  surface  layers  that  have  been  disrupted  y 
near-surface  subsidence.  The  implication  is  that  the  floor  of  Hebes  has  been  tectonically  dropped  by 
several  km.  This  is  consistent  with  the  more  direct  evidence  of  subsidence  provided  by  the  a ove 
noted  block.  Similarly,  a 20  by  20  km  block  of  plateau  material  sits  at  the  bottom  of  Gangis  Chasma, 
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indicating  tectonic  subsidence.  Thus  the  preferred  model  here  is  a combination  of  the  carbonate- 
tectonic  models:  tectonic  fracture  and  graben  formation  along  the  axis  of  the  topographic  ridge 
during  its  formation  formed  the  basic  canyon  structure  and  probably  most  of  its  apparent  volume, 
including  the  subsidence  blocks  in  Hebes;  dissolving  of  carbonates  due  to  caustic  ground  waters 
moving  primarily  along  the  major  subsurface  faults  undermined  the  graben  walls,  causing  wall  slope 
failure,  the  ^chains  of  collapse  pits,  and  the  collapsed  craters.  This  combined  model  can  account  for 
the  "strings"  of  mixed  depression  types  and  is  consistent  with  the  regional  setting. 
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_ qit  rRATFR  CHAINS  GROW  UP  TO  BE  VALLES 
MARINERIS  CANYONS?  Richard  A.  Schultz.  Geodynamics  Branch.  NASA  Goddard 
Space  Flight  Center.  Greenbelt.  MD  20771. 

The  Valles  Marineris  (VM)  canyon  system  on  Mars  is  a spectacular  planetary 
rift  1131  I has  en proposed  that  the  canyons  nucleated  and  grew  as  collapse 

structures  from  a set  (/initially  tiny  pit-crater  chains  [4],  but  th.s  scenario  .s  not 

supported  by  structural  relationships  seen  in  Viking  images.  , f ,tine  ancj 

distinction  should  be  made  between  canyons  controlled  by  normal  faulting  ana 
pit-creter  chains  that  look  superficially  like  canyons  controlled  by  normal  faulting. 
Structural  mapping  on  enlarged  1:2  million  scale  photomosaics  confirms  that 
original  structural  canyons  are  much  narrower  (factor  of  3)  than  the  Pr®*®n* 
width  and  that  normal  faulting  has  controlled  the  lengths  and  depths  of  these 
Canyons  Some  canyons  are  controlled  by  2 long,  mutually  parallel,  inward  dipping 
normal  faults  (lus.  western  Tithonium  Chasmata).  Other  canyons  are  defined  by  one 
conTinuous  normal  fault  scarp  faced  by  several  discontinuous,  echelon  scarps 
fCoprates)  Structures  forming  one  or  both  graben  walls  can  be  in  erre  p 

ind  Melas  Chasmata  only  by  extrapolating  along  isolated ^wid^  canyon!  are 
canyon  floors  or  by  examining  canyon  terminations.  These  wide  can^ons 
probably  composed  of  several  parallel  grabens  and  are  terminated  in  many  cases  by 

°bllZ  contdransgt  "Xcrate^chains  (PCC)  are  restricted  in  extent  and  differ  in 
morphology  and  structure  from  the  canyons.  Whereas  grabens  are  found  throughout 
VM  olateaus  large  PCC  only  occur  north  of  lus  and  South  of  Coprates  Chasmata. 
respectively’  (Fig.  1).  PCC  distribution  is  neither  random  nor  uniform  but 
antisymmetric  about  the  canyon  system.  Where  PCC  appear  to  merge  into  canyons. 
suchTs  eastern  Tithonium  Chasm,  and  Candor  Chasm.,  the  structure  of  each  is 
distinct.  Candor  is  defined  by  several  parallel  and  oblique  grabens.  whereas  eastern 
Tithonium  is  an  echelon  array  of  closed  to  partly  closed  dep^  PCC 

are  characterized  by  their  segmented,  echelon  geometry  [5],  limited  extent,  and  lack 

°f  Cl Mapping  shows'  a variety  of  PCC  trends  along  the  canyon  system.  PCC  north 
of  Coprates 6Chasma  are  independent  of  (not  parallel  to)  VM  grabens  and.  somewhat 
surprisingly,  are  linked  in  orientation  and  location  to  wrinkle  ridges  (F'g-  )• 

contrast 8 many  large  PCC  nearest  the  major  canyons  parallel  them,  although  the 
PCC  south  of  Coprates  are  crosscut  by  oblique,  northeast  trending  grabens.  This 
implies  that  the  stress  state  associated  with  the  growth  of  PCC  varied  spatially 
Zlg  the  canyon  system,  and  certain  PCC  may  record  a set  of  early.  pre-VM 
regional  stress  states!  Valles  Marineris  and  associated  structures  are  said  canonically 

to  Tharsis"  and  this  is  taken  to  indicate  some  profound 
geometric,  and  presumably  genetic  mechanical,  relationship  (61.  Although  a good 
correlation  exists^  between  principal  stresses  calculated  from  Tharsis  loading  models 
and  the  overall  trend  of  VM  canyons,  the  variety  of  structure  locations.  trends.  a" 
relative  ages  underscores  the  limited  applicability  of  available  geophysical  models  to 
canyon  tfctonics.  Indeed,  classification  of  structures  as  "radial  or  nonrad, al  to 
Tharsis"  probably  is  no  longer  a useful  or  precise  exercise.  , 

Structural  relationships  listed  above  suggest  that  pit-crater  chains  have  a 
different  origin  than  canyons.  Echelon  geometry  indicates  that  the  chains  of  pit 
Zters  behaved  mechanically  as  interacting  cracks.  This  suggests  that  Pirate 
chains  may  be  the  surface  expression  of  laterally  propagating  subsurface  dikes  or 
hvdrofrTctures  The  pits  themselves  may  be  surficial  collapse  depressions 
Systematic  locations  of  PCC  in  the  canyon  system  and  growth  early  in  the  rifting 
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Figure  1.  Distribution  of  wrinkle  ridges  and  pit-crater  chain c fcHnn/aai  • *t  ,,  ,, 
Manneris  region.  Canyon  outlines  omitted  for  clarity.  PP  ^ ^a//e5 
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ORIGIN  OF  THE  MARTIAN  CRUSTAL  DICHOTOMY:  A REVIEW;  George  E. 
McGill,  Department  of  Geology  and  Geography,  University  of  Massachusetts, 
Amherst,  MA  01003. 

The  physiographic  and  stratigraphic  contrasts  between  the  northern  lowland 
plains  and  the  southern  cratered  uplands  of  Mars  are  generally  interpreted  to 
imply  a first-order  dichotomy  in  the  martian  crust.  Two  opposing  types  of 
hypotheses  have  dominated  the  debate  over  the  origin  of  the  dichotomy:  1)  large- 
scale  impact,  and  2)  endogenic  processes.  The  published  hypotheses  (1-3)  involve 
unusual  events  that  occurred  very  early  in  martian  history,  and  each  implies 
physiographic,  stratigraphic,  and  structural  consequences  that  may  be  compared 
with  observation.  LOS  gravity  from  Viking  2 (4)  provides  additional  constraint. 

The  most  recently  proposed  hypothesis  for  the  origin  of  the  crustal 
dichotomy  involves  focussing  an  excess  of  very  large  impact  events  onto  what  is 
now  the  lowland  third  of  Mars  (3).  There  is  no  reasonable  mechanical 
explanation  for  the  required  focussing  of  large  impacts.  Even  if  an  explanation 
could  be  devised,  several  closely  spaced  large  impact  basins  must  produce  a 
topography  that  includes  areas  higher  than  the  original  surface  as  well  as  areas 
lower;  there  is  no  way  they  could  form  a single  large  hole,  all  of  which  is  lower 
than  the  original  surface.  There  are  large  basins  in  the  lowland  third  of  Mars 
(cf.  5-9),  and  locally  the  highland/lowland  boundary  is  clearly  controlled  by 
these.  But  there  is  no  evidence  at  all  to  suggest  that  the  lowland  third  of  Mars 
has  more  than  its  share  of  basins. 

A single,  giant  Borealis  basin  (2)  is  a much  more  likely  cause  of  the 
crustal  dichotomy  because  no  focussing  is  required,  and  a single  large  hole  is 
the  obvious  result.  If  it  exists  at  all,  the  Borealis  basin  must  be  older  than 
the  oldest  defined  time-stratigraphic  units  (10)  because  inliers  of  old  upland 
terrain  and  remnants  of  pre-Noachian  basins  occur  over  much  of  the  northern 
plains,  indicating  that  ancient  crust  lies  beneath  most  or  all  of  the  younger 
plains  materials.  Furthermore,  the  distribution  of  inliers  implies  a topographic 
high  rather  than  a topographic  low  near  the  proposed  center  of  the  Borealis 
basin.  LOS  gravity  data  show  clear  mascons  over  large,  post-Borealis  basins 
under  the  northern  plains  but  no  mascon  over  the  Borealis  basin  (4,  8-9)  . Either 
the  Borealis  basin  does  not  really  exist,  or  it  formed  so  early  that  its  gravity 
and  topographic  signatures  relaxed  completely,  leaving  only  a lowland  due  to  a 
thinned  crust.  Despite  arguments  to  the  contrary  (3),  the  large  size  of  the 
Borealis  basin  does  not  represent  a statistical  anomaly.  However,  i'.s  rim 
departs  significantly  from  the  highland/lowland  boundary  in  places.  This  may 
be  due  to  later  erosional  retreat  of  the  boundary  (e.g.,  11).  The  oldest  craters 
now  buried  beneath  northern  plains  deposits  have  suffered  extensive  fracturing 
and  erosion  before  burial,  surviving  as  rings  of  knobs  defining  their  rims. 
The  maximum  depth  to  which  surface  materials  could  have  been  removed  since  early 
to  middle  Noachian  thus  can  be  estimated  by  applying  the  crater  dimensional 
equations  of  (12)  to  the  smallest  surviving  "knob  ghost"  craters  (D=10-15  km)  . 
These  calculations  indicate  a maximum  of  "200  meters  of  lowlands-wide  erosion 
of  the  ancient  surface  buried  beneath  the  northern  plains.  This  invalidates 
widespread  southward  migration  of  a dichotomy  boundary  with  2-3  km  of  relief 
early  Noachian.  We  cannot  rule  out  erosional  modification  of  the  boundary 
before  the  Noachian,  but  there  seems  to  be  no  independent  evidence  for  this. 
There  is  evidence  for  late  Noachian  to  early  Hesperian  erosion  along  the 
dichotomy  boundary,  but  the  knob  ghosts  are  telling  us  that  this  erosion  did  not 


cause  significant  migration  of  the  boundary.  These  observations  lead  to  the 
tentative  conclusion  that  the  dichotomy  boundary  is  about  where  it  has  always 
been,  and  that  it  is  a structural  feature. 

A number  of  recent  studies  suggest  that  the  dichotomy  boundary  is  not  a 
stable  ancient  feature.  There  is  clear  evidence  of  relatively  young  faulting 
and  major  erosion  in  northern  Mars,  some  of  it  demonstrably  in  early  Hesperian 

(13),  the  rest  less  precisely  dated  as  late  Noachian  through  Hesperian  (14). 
In  fact,  it  is  probable  that  the  widespread  fretted  terrain  and  mesas  were  in 
large  part  formed  at  this  time.  It  has  been  proposed  (15)  that  most  of  the  small 
drainage  networks  were  developed  at  this  time  in  response  to  pervasive  volcanism 
and  sill  intrusion.  Crater  counts  indicate  that  there  was  widespread  resurfacing 
by  lava  flows  at  about  the  Noachian/Hesperian  boundary  (16)  . Finally,  detailed 
analysis  of  Viking  LOS  gravity  (17)  indicates  that  there  is  a narrow  negative 
anomaly  associated  with  the  dichotomy  boundary,  suggesting  activity  more  recent 
than  the  presumed  early  origin  of  the  dichotomy  required  by  the  mega-impact 
hypothesis. 

Thus  it  appears  as  if  the  northern  part  of  Mars  experienced  several  possibly 
related  events  in  late  Noachian  and/or  Hesperian  time:  fracturing  and  faulting 
of  the  crust  in  the  northern  third  of  Mars,  widespread  erosion  with  formation 
of  channels  and  valley  networks,  and  extensive  extrusive  and  intrusive  igneous 
activity,  most  of  it  occurring  near  or  on  the  dichotomy  boundary.  An  internal 
process  that  thinned  the  crust  from  below  is  the  most  likely  cause,  but  the 
specific  mechanism  envisaged  by  (1)  is  ruled  out  because  if  a "catastrophic" 
core-formation  event  occurred,  it  must  have  taken  place  very  early  in  martian 
history.  Nevertheless,  the  cause  must  be  internal  because  the  geological  and 
geophysical  observations  discussed  above  require  that  a mega-impact  occur  much 
earlier  in  martian  history. 
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STRUCTURAL  MODIFICATION  ALONG  THE  CRATERED  TERRAIN  BOUNDARY, 

EASTERN  HEMISPHERE,  MARS.  clan  ..rv  studies 

Ted  A Maxwell,  Center  for  Earth  and  Planetary  Studies, 

National  Air  and  Space  Museum,  Smithsonian  Instituti  , 
Washington,  D.  C.  20560 

initial  investigations  of  the  Mars  cratered  _ terrain 
boundary  (CTB)  suggested  that  it  formed  progressively  by 
e?cSnfonayi  Salting  of  the  cratered  terrain  d^Sueh 

conclusions  were  based  on  the  presence  southern  cratered 

m(3C in  the  boundary  zone  adjacent  to  the  southern  era 

Terrain,  particularly  in  the  Nilosyrtis  Mensae  «gr°n  and  by 
t*hat  the  boundary  is  present  now  as  an 

Srrbotin  thl  rafn^boundinf^arp 

inis  thrs°^e  V“?  rE  Hi 

a oeriod(s)  of  wetter  climate.  Based  on  more  r 

investiaations  of  the  structure,  topography  and  timing  of  the 

Sb  hlwev^f  it  is  now  apparent  that  the  sequence  of  events 
that  are  responsible  for  the  present  appearance  of  the  CT  , 
at  least  in  the  region  between  Nilosyrtis  Mens®?s(.ar^e  Ae°^J 
(Lona  300°  to  180°),  occurred  within  a discrete 
interval,  indicating  that  the  northern  border  scarp  of the 

Crat^?f„  a^pre^ill^^structurall^^cont^o^led  topographic 

Option  BasPed  on  structural  napping,  detailed  shadow 

measurements  of  plateaus  and  knobs,  and  age  da  ing  of  th 

exposed  surfaces  in  this  region,  the  tectonic  record  of  the 
eastern  hemisphere  is  one  of  modification  of  the  cursa^rt0 
terrain  boundary,  with  little  evidence  that . can  be  ^used 
constrain  theories  for  the  original  creation  little 

Structural  mapping  of  the  CTB  in  t (ridges 

correlation  between  presumed  compressional  features  ( q 

and  scarps)  and  the  orientation  of  the  boundary  itself  (2). 

direction,CC'^heSlo^^a^de^lections  ^^to^nd^rlyu^  ^j^J^d^by 
rpaches  the  near-surface  in  plains  units  (as  3 g Y 

exception^  iHn^  SdJ’SbKSt 

pastinthed  timls^o^pLins  emplacement  (3).  The  300  km  wide 

KIcVol  -:ilred/lateaudmacteerial  on^^  side  of^be 

t^al^ies^^^le^h^the^  shallowly  Uflllde?erl|ionUrofCplainsato 

“ 5?-S50‘S= 

terrain  boundary  suggest  that  downdropping  of  the 


543 


aiso  occurred  as  a discrete  crustal  block  rather  than  as 
individual  faulted  fragments  of  crust.  if  formed  bv 
erosional  retreat,  isolated  remnants  of  the  cratered  plateau 
materia!  would  display  a greater  degree  of  erosion  with 
distance  from  the  present  boundary.  Such  is  not  the  case 
due  to  either  the  presence  of  a significant  resTstaS  lave?' 
or  downdropping  as  a terrace.  In  the  absence  of  confirmation 
of  a widespread  resistant  unit  from  the  limited  Vikina 

“eKre.  ***  <4>'  interpretation^Ts 

mcdi^tion^a  discrete Weventf1thoughU^tirStreas<tnsU listed 

itsiTf  n°The  hfaultittrt  thT  crJated  the  dichotomy  boundary 
irseit.  The  faulting  that  produced  the  broad,  3 00  km  wide 

errace  occurred  in  late  Noachian  or  early  Hesperian  time 

£52.” “ baNsta=1(95?'  y?“ngetb  than  the  iaults^  surrounding  ^the 
i . i,n  In  other  regions,  however,  faulting  of 

plateau  material  occurred  at  different  times,  suggesting  a 

boundary  Perl°d  °f  Etructural  adjustment  to  the*  original 
Current  theories  for  creation  of  the  Mars  crustal 

i??a?t?mT8)ar?nd1)31Sing1?-  1mega-imPact  <7)'  2)  multiple  larg^ 

impacts  (8),  and  3)  crustal  overturn  (9).  Hypotheses  3 anH 

would  be  expected  to  show  either  ooncentril  rimS  or  radial 

Isidis r and  °f  J'hlC,h  occur  ln  the  highlands  between 

Isidis  and  Aeolis.  The  large  crustal  block  north  nf  +-v,0 

processes'4^  regional  T*  • °f,  Isldls  su99ests  endogenic 
(regi?nal . extension  rather  than  impact  for  at 

ihich  modlflpatiOh  of  . the  presently  observed  boundary 

which  is  consistent  with  hypothesis  3,  though  not 

conclusive.  By  looking  at  modification  processes  and  nr"°J 
geometry  of  the  boundary  region,  more  precise  conltraintf  o™ 
be  placed  on  the  geometric  form  of  the  origin?! ^structure 

These  _ results  were  presented  at  the  Mars:  Evolution  of 

Volcanism,  Tectonism  and  Volatiles  Meeting  in  Ea^tor,f 

Maryland,  October,  1988.  Supported  by  NASA  Grant  NAGW-129.  ' 
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GEOLOGIC  EVOLUTION  OF  THE  HIGHLAND/LOWLAND  TRANSITION  ZONE  IN  THE 
ISMENIUS  LACUS  QUADRANGLE,  MARS;  Andrew  M.  Dimitriou,  Department  of  Geology  and 
Geography,  University  of  Massachusetts,  Amherst,  MA  01003. 

The  topographic  dichotomy  on  Mars  has  been  a major  subject  of  study  for 
planetary  geologists  for  over  fifteen  years.  The  northern  1/3  of  the  planet 
constitutes  a region  of  2-3  km  average  lower  elevation  than  the  southern  2/3  with 
the  boundary  between  the  2 provinces  approximating  a small  circle  inclined  at 
28  degrees  to  the  equator.  This  transition  also  separates  2 geologic  areas  of 
different  age  and  genesis  with  the  northern  portion  of  the  planet  appearing  m 
general  as  a more  sparsely  cratered  younger  surface  and  also  being  characterised 
by  smoother  surface  materials.  The  prime  cause  for  the  dichotomy  has  been  the 
topic  of  many  studies  which  have  placed  the  timing  of  this  event  in  or  before 
the  Early  Noachian,  regardless  of  whether  an  endogenic  [1,2]  or  exogenic  [3,4J 

origin  is  considered.  . 

This  study  is  concentrating  on  a portion  of  the  dichotomy  boundary  in  the 

Ismenius  Lacus  (MC5)  quadrangle  where  it  is  present  both  as  a series  of  NV 
trending  scarps  and  a complex  set  of  eroded  features  forming  a transition  zone 
from  the  uplands  into  the  lowlands;  i.e.  fretted  terrain  [5].  The  purpose  of  the 
study  is  to  constrain  the  number  and  timing  of  the  identifiable  resurfacing  an 
fracturing  events  both  on  the  upland  and  lowland  sides  of  the  boundary.  This  will 
enable  the  determination  of  relative  age  of  the  boundary  zone  itself  m this 

^ IT  6 3.  • 

Geologic  mapping  at  1:15M  scale  [6]  in  this  area  has  identified  the  upland 
surface  material  as  ridged  and  etched  plateau  units  of  inferred  volcanic  origin 
which  themselves  exhibit  various  episodes  of  resurfacing.  Preliminary 
investigation  of  this  area  using  the  1:2M  MC5-SE  and  MC5-SC  control  photomosaics 
as  bases  has  revealed  a systematic  subduing  of  topography  and  a lessening  of 
the  crater  density  towards  the  transition  zone  in  MC5-SE  within  the  northern 
portion  of  the  plateau  sequence.  However,  cumulative  crater  counts  also  in  MC5- 
SE  on  several  geologic  units  have  revealed  a statistically  significant  older 
crater  retention  age  for  the  ridged  unit  of  the  plateau  sequence  than  for  the 
etched  unit.  The  etched  unit  is  present  here  in  the  southern  part  of  the  subquad 
further  away  from  the  boundary  zone  than  the  ridged  unit.  At  least  one  episode 
of  resurfacing  is  therefore  better  evidenced  away  from  the  transition  zone.  The 
boundary  itself  shows  evidence  of  mass  wasting,  slumped  crater  rims  have  been 
produced  by  erosion  and  valleys  have  been  enlarged  in  an  irregular  manner  back 
into  the  uplands.  On  the  lowland  side  fretted  terrain  is  present,  representing 
eroded  remnants  of  an  upland  surface  up  to  400  km  north  of  the  well  defined 
boundary  scarp.  The  fretted  terrain  is  characterised  by  angular  to  subangular 
smooth  and  flat  topped  blocks  standing  proud  of  a lobate  debris  apron  17 j 
presumably  derived  from  the  block  and  also  of  surrounding  lowland  plains 
material.  In  areas  where  fretted  terrain  is  absent  lowland  plains  embay  the 
scarps  at  the  margin  of  the  upland,  but  evidence  of  an  older  surf ace  underlying 
the  lowland  plains  can  be  seen  by  the  presence  of  "knobby  terrain"  [8] . This 
older  surface  is  presumably  the  same  as  is  present  on  the  upland  side  but  is  at 
a 2km  lower  elevation. 

Studies  in  the  Amenthes  area  [9]  have  shown  that  fracturing  and  resurfacing 
experienced  a peak  in  activity  around  the  Late  Noachian  and  Early  Hesperian 
boundary.  The  dating  results  within  even  this  restricted  region  indicate 
different  resurfacing  and  fracturing  chronologies  for  different  areas.  More 
recently,  an  attempt  to  combine  all  the  disparate  pieces  of  evidence  for  global 
Late  Noachian/Early  Hesperian  tectonic  and  volcanic  activity  has  been  made  [10]  , 
with  an  endogenic  origin  for  the  dichotomy  being  proposed. 
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Work  underway  in  the  Ismenius  Lacus  area  includes  detailed  geologic  napping 
of  critical  areas  using  the  1:2M  controlled  photomosaics  and  crater  counting  of 
units  based  upon  stratigraphic  position,  degradation  state  and  cross-'u“ing 
fracture  orientation  relationships.  This  will  enable  harder  constraints  to  be 
placed  on  the  dichotomy  forming  events  in  this  area. 
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TIMING  OF  RESURFACING  EVENTS  IN  THE  AMENTHES  AND  TYRRHENA 

1S5  SEti  LFa 

Institution,  Washington,  D.C.  20560 

Determination  of  the  ages  and  _ the  i nat^®  ofieSjjfrasCI 

;;S  ."SSS;,  af 

ana  eventudiiy  a.  f,r,tered  southern  hemisphere  and  the 

n~n  ‘S-thT 

geologic  materials  m resurfacing  and  faulting  events 

Jr  rss  s-sss.w«^s 

coSained^in  The"  h^vily  cratered  highland  materia^  of  the 

Graters.  ftte  but  similar  highland  units  containing 

rimless  craters  were  recognired:  cratered 

rghClyateto  the19crrt2rerteplateau  .and  hilly  and  cratered 

materials  of  (2)  - a,  a “fetched 'and  "sculpted 

aipearance9Uoef  the  intercrater  plains  (e.g.,  compare  Viking 
appearance  01  -q,cq1  cratered  plateau  materials  with 

orbiter  image > 381881  of  ^e  cratere  P lan<J  materials) . 

Population^5  of  both  rimless  and  fresh  (sup.: 

fnr  both  units  were  counted  and  normalized  to  mea 

crated  size-frequency  distribution  of  the  surfaces;  a Process 
cirax.Gr  size  1 Rppause  previous  work  (1) 

haf  shoSwnb?Jat  J^J^rfduttiSn  “urvT' ^eATned^b^m 

JSfflua  a.r« 

this  surface  is  equal  to  790 . (Early  to  contrast, 

a resurfacing  age  of -airia^  is  N(5,  = 540, 

the  age  of  the  ora  catered  highlands.  However,  the 

apparently  younger  than  the  oraterea  nign  16 

frequency  di. " ^greater  than  about"  25  km  indicate 
ag4  3 relations  consistent  with  stratigraphic  observations, 
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th?  cratered  haii"9  3 density  greater  than  that  of 

cratered  T(5) ^O^^He^rii?; 

cratered  highlands^  essentla11''  equivalent  to  that  of  the 

related  t^thJ^dlehS6**6^  th®,  timing  of  resurfacing  was 
* dichotomy  boundary,  counts  on  the  cratered 

fregue^cyU^is^ibutioi^V  s^ggest^^rf  ^incre^^^^in  ^the* 
IneSUtrh£eaCr  ^V^rV^*"'  ™ “"I*  “ craters 

v x-ne  ° to  50-km  diameter  range.  If  rp^urfapin^  TT^ 

3£?] L:hePrs°uCr%SS'  these  ?ata  “ply  a tine  transgression  such 

first  followed  6 ,neares^  th®  dichotomy  boundary  became  stable 
southerly  ^latitudes  Crate5ed  Plateau  surfaces  at  successivj 

than  (8),  in  which  "esSrtion  ^f  relurfacinT^itoin  ^ 

IZZltr  izr ofplainidisandt  frettded 
Lch9  an  apparent  ag^ran!^ 

(non-exolusrve)  processes:  1)  Variations  in the  -efficiency^ 

process,^ 'which  °S2S*  £ “a"t 

orjlsinrfadc"rewithregff°nS-  ” these ^esu^ere"  a' "JSSS 

SfLethe  39t  relations  ton<be  ^enn'eT^b/^ISrenT^^tte? 
7^n  ter  inJ:ervals  (as  found  for  units  along  the  transition 

S£ 

»“•*  J3SSS 

l;i°83,  1978.  (3,  GrTfleyT  R— nd  J.E  Guest!'  Geoloof; 

fTq  FF  sp-St^rr?  Equatorial  Region  of  Mars,  1:15M  sectU? 

<v«Ar,  r-HS 

1986-.  (6)(7rn^L-/ 

geteontenbombardmenfc  und  Daitieruna  Planetar Pr  nhlr^'^^:/ 
Habilitationsschrift,  Lud^Ii^rgniliSS^  iSSSsI?' 

S^,  ^.A-and  S.,Frproc 

&5^his  V».  1988-  <9) 
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GEOLOGIC  EVIDENCE  SUPPORTING  AN  ENDOGENIC  ORIGIN  FOR  THE 
HARTIAN  CRUSTAL  DICHOTOMY;  George  E.  McGill,  Department  of  Geology  and 
Geography,  University  of  Massachusetts,  Amherst,  MA  01003. 


The  division  of  Mars  into  two  contrasting  topographic  regions  a northern 
lowland  third  and  a southern  upland  two-thirds  — is  most  likely  related  to  a 
manor  difference  in  thickness  of  crust.  Explanations  for  this  thickness 
difference  include:  initial  crustal  inhomogeneity  (1),  subcrustal  erosion  y a 

global-scale  convection  current  (2),  and  large  impacts  (3,4).  All  of  these 
hypotheses  except  subcrustal  erosion  require  a primordial  origin  for  e 
dichotomy;  obviously  so  for  initial  crustal  inhomogeneity,  but  true  a so  or 
large  impacts  because  the  buried  surface  of  the  northern  lowlands  carries  a 
crater  population  comparable  to  that  of  the  ancient  surface  of  the  southern 
uplands  and  thus  could  not  have  been  destroyed  by  very  large  impacts  at  any  time 
following  the  end  of  the  primordial  bombardment  phase  of  solar-system  his  ory. 

As  pointed  out  by  (2),  the  "3  km  average  elevation  difference  between 
northern  lowland  and  southern  upland  implies  that  a very  large  volume  of  crustal 
materials  must  be  transported  out  of  the  northern  lowland  an  is  rl  u 
elsewhere  (unless,  of  course,  the  dichotomy  is  an  initial  characteristic  of  the 
crust).  Using  simple  buoyancy  equations  and  densities  of  crust  and  mantle  of 
3.0  and  3.5  g/cm3  (5),  a 3 km  elevation  difference  implies  a 21  km  difference 
in  thickness  of  crust.  The  northern  lowland  is  ~36%  of  the  surface  of  Mars;  thus 
“1  1 x 109  km3  of  crustal  materials  must  be  displaced.  This  volume  cannot  be 
changed  more  than  about  20%  by  adjusting  crust  and  mantle  densities  or  area  of 
northern  lowland  within  reasonable  limits.  The  ejecta  blanket  of  a single 
impact  basin  must  average  "19  km  in  thickness  to  account  for  the  displace 
volume;  hence  the  added  thickness  immediately  adjacent  to  the  lowland  would  be 
much  greater  than  19  km.  This  represents  significant  local  thickening 
should  be  detectable.  Substituting  several  large  basins  for  one  giant  one  ( 
results  in  retention  of  displaced  crust  even  closer  to  (and  also  within! ) the 
lowland,  yielding  a global-scale  topography  distinctly  unlike  that  observed 
(large  basins  clearly  are  present  in  the  northern  lowland,  but  they  are 
responsible  for  second-order  topography,  not  the  global  lowland/highland 

dichotomy).  . . . . 

Three  types  of  geological  evidence  suggest  that  the  martian  crustal 

dichotomy  is  due  to  some  endogenic  cause  acting  after  the  end  of  primordia 
bombardment:  1)  abundant  fractures  associated  with  the  northern  lowland  and  the 

dichotomy  boundary,  many  demonstrably  late  Noachian  or  early  HesPerian  in  age, 
2)  peak  igneous  activity  in  late  Noachian  or  early  Hesperian;  and  ) the 
of  stratigraphic  units  partially  filling  the  lowland  includes  nothing  older  tha 

ear 1 v Hesperian.  , 

The  ancient  surface  flooring  the  northern  lowland  has  been  severely 

fractured  and  eroded,  with  most  crater  rims  surviving  only  as  rings  or  arc* 
knobs.  Counts  of  all  craters  superposed  on  this  knobby  terrain  provide  good 
ages  for  the  termination  of  the  knob-forming  process  because  unmodified  crater 
would  begin  to  accumulate  as  soon  as  knob  formation  ceased.  Fracturing 
responsible  for  knobs  terminated  in  late  Noachian  (6);  when  it  began  ca^a° 
well  constrained.  Furthermore,  the  presence  of  knob  rings  as  small  as  10-  m 
in  diameter  in  many  parts  of  the  northern  lowland  eliminates  any  possibility  o 
significant  erosional  stripping  of  northern  lowland  crust  after  late  Noachian. 

the  knob-forming  fracturing  event  are  the  major  fractures  and  faults 
forming  local  scarps  and  fretted  terrain  along  the  dichotomy  boundary  These 
fractures  and  faults  cross-cut  depositional  and  erosional  plateau  surfaces 
late  Noachian  to  early  Hesperian  age  (7,8),  and  thus  cannot  be  older  than  late 
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oachian . Because  there  can  be  no  significant  post-late  Noachian  erosional 
stripping  of  the  northern  lowland  crust,  scarps  and  fretted  terrain  represent 
the  original  position  of  the  dichotomy  boundary,  hence  it  is  difficult  to  escape 
the  conclusion  that  the  dichotomy  itself  must  also  be  of  late  Noachian  or  younger 
age  Ages  of  northern  plains  materials  embaying  the  boundary  and  surrounding 
fretted  plateau  remnants  locally  constrain  the  age  of  boundary  faulting  to  no 
younger  than  early  Hesperian  (7). 

Estimates  of  the  surface  area  of  volcanics  as  a function  of  age  indicate 
at  vo  canic  activity  peaked  in  late  Noachian  and  early  Hesperian  (9,10), 
indicating  that  heat  loss  reached  a maximum  1-2  GA  after  Mars  formed.  A recent 
model  relating  a number  of  geological  events  and  materials  to  massive  sill 
intrusion  in  the  early  Hesperian  provides  additional  support  (11).  The  maximum 
in  heat  loss  coincides  in  time  with  the  fracturing  and  resurfacing  events  that 
characterize  the  tectonic  history  of  the  northern  lowland. 

The  most  likely  time  of  formation  of  the  lowland  is  thus  late  Noachian  to 
ear  y Hesperian.  If  true,  an  origin  by  impact  is  impossible.  The  associated 
heat-loss  maximum  suggests  that  the  underlying  cause  is  probably  long-lived 
plvnnes  or  large  scale  convection  in  the  mantle,  perhaps  related  to  slow,  non- 
catastrophic  core  formation  (12).  The  lowland  is  envisaged  as  centered  over  a 
huge  thermal  plume  or  the  rising  limb  of  a large  convection  cell.  Ductile 
thinning  of  the  lower  crust  results  from  "radial  horizontal  flow.  The  extensive 
fracturing  responsible  for  knobby  terrain  and  for  boundary  scarps  and  fretted 
terrain  suggests  a large-scale,  pervasive  extensional  stress  regime,  such  as 

might  occur  in  surface  rocks  overlying  a crust  that  is  being  ductilely  extended 
at  depth. 


However,  the  problem  of  displaced  volume  is  still  with  us.  Ductile 
extension  of  the  crust  implies  either  an  increase  in  surface  area  in  the  northern 
lowland,  or  transport  of  lowland  crust  laterally  beneath  adjacent  upland  crust. 
Increase  in  surface  area  cannot  be  a major  contributor  because  the  implied 
planetary  expansion  is  totally  unreasonable.  Underthrusting  of  thinned  lowland 
crust  beneath  adjacent  upland  crust  produces  an  annulus  of  thickened  crust  around 
the  lowland.  The  width  of  the  annulus  and  the  amount  of  thickening  vary  with 
assumed  initial  crustal  thickness,  but  the  numbers  are  roughly  similar  to  those 
or  the  ejecta  blanket  of  a single  mega-impact  basin.  A near-global  redistri- 
bution  of  displaced  lowland  crust  will  produce  crustal  thickening  of  less  than 
10  km.  How  this  might  occur  is  not  clear,  but  it  is  at  least  possible  with  an 
endogenic  process,  whereas  it  is  not  possible  with  an  exogenic  process. 
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TERRESTRIAL  ANALOGUES  FOR  PLANETARY  EXTENSIONAL  STRUCTURES 
George  E.  McGill,  Department  of  Geology  and  Geography,  University  of 
Massachusetts,  Amherst,  MA  01003. 

Extensional  structures  have  received  much  attention  in  recent  years,  and 
are  among  the  "hottest”  topics  in  structural  geology.  This  is  primarily  a result 
of  field  studies  indicating  their  importance  in  tectonic  settings  hitherto 
believed  to  be  entirely  characterized  by  compression.  For  several  reasons,-  a 
thorough  review  of  structures  resulting  from  extensional  stresses  is  not 
practical  here;  in  fact,  many  of  these  structures  have  limited  relevance  as 
analogues  for  planetary  features.  What  will  be  attempted  is  a rough  classifi- 
cation of  extensional  structures,  primarily  based  on  scale,  and  an  evaluation 
of  their  usefulness  as  analogues.  Specific  citations  are  intentionally  sparse 
because  of  space  constraints. 

On  the  earth,  extensional  structures  range  in  scale  from  features  seen  in 
thin  section  to  features  of  global  significance.  Although  beloved  of  many 
structural  geologists,  joints,  boudinage,  stretching  lineations,  dismembered 
bedding,  and  other  indicators  of  extension  seen  in  outcrop,  hand  specimen,  and 
thin  section  are  of  little  relevance  to  planetary  studies  because  they  range  from 
one  to  four  orders  of  magnitude  below  the  resolution  of  the  best  orbital  images. 
It  is  convenient  to  separate  structures  that  are  large  enough  to  be  resolved  on 
orbital  images  into  two  categories:  1)  those  that  are  of  crustal  to  global  scale, 
and  2)  those  that  are  generally  of  less  than  crustal  scale.  The  first  group  is 
intended  to  include  structures  associated  with  globally  significant  tectonic 
regimes,  the  second  group  incorporates  a variety  of  more  local  structures 
generally  not  directly  related  to  global  tectonics.  Structures  from  both 
categories  are  potentially  useful  as  planetary  analogues  because  they  can  provide 
clues  to  the  kinematics  and  mechanics  of  their  formation,  and  thus  constrain 
hypotheses  for  the  origin  of  similar  structures  on  other  planets.  However,  a 
major  problem  yet  to  be  resolved  is  whether  it  is  sound  practice  to  transfer  the 
specific  crustal  and  tectonic  environments  associated  with  analogue  structures 
from  the  earth  to  other  planets.  My  bias  is  that  this  is,  in  general,  a 
dangerous  thing  to  do. 

Structures  of  crustal  to  global  scale:  The  importance  of  extensional 
structures  within  the  earth's  tectonic  system  has  been  greatly  enhanced  by  some 
very  exciting  discoveries  that  have  occurred  in  just  the  past  few  years.  It  is 
now  apparent  that  extension  is  an  important  element  in  the  structural  evolution 
of  all  types  of  plate  boundaries,  not  just  divergent  ones  (1).  The  following 
paragraphs  comment  briefly  on  important  terrestrial  extensional  structures,  and 
on  their  probable  value  as  analogues. 

1.  Mid-ocean  ridges  and  rifts:  The  global  system  of  oceanic  divergent 
boundaries  is  the  most  prominent  tectonic  feature  on  the  earth.  In  addition  to 
the  gross  topography,  there  are  several  associated  characteristics  that  derive 
from  the  specific  processes  occurring  at  mid-ocean  ridges:  positive  Bouguer 
gravity  anomalies,  magnetic  "stripes",  elevation  decrease  with  distance  from  the 
ridge  that  is  correlated  with  age,  high  heat  flow,  ridge  offsets  across 
transforms,  shallow  seismic  activity,  and  "anomalous"  mantle.  Furthermore,  the 
great  length  of  the  mid-ocean  ridge  system  clearly  depends  on  the  earth's  dynamic 
plate  tectonics;  consequently,  it  seems  risky  to  use  mid-ocean  ridges  as 
analogues  for  short,  discontinuous  ridges  with  axial  troughs  on  other  planets. 
Even  the  presence  of  one  of  the  associated  characteristics  does  not  help  very 
much.  For  example,  cross-structural  offsets  that,  on  another  planet,  might  be 
interpreted  as  mid-ocean  ridge  transforms,  also  occur  on  the  earth  as 
synkinematic  features  in  foreland  thrust  belts  and  belts  of  metamorphic  core 
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complexes,  and  are  common  as  later  modifications  of  most  of  the  earth's  Archean 
tectonic  belts. 

2.  Continental  rifts:  These  are  very  promising  analogues,  because  some 
on  the  earth  appear  to  "fail",  and  thus  are  not  required  to  be  part  of  a dynamic 
global  plate-tectonic  system.  The  extension  normal  to  the  long  axes  of 
continental  rifts  is  too  great  to  be  explained  by  bending  and  membrane  strains 
generated  by  the  associated  uplift,  but  is  generally  less  than  a few  10 's  of  km. 
(2).  Gravity  anomalies,  high  heat  flow,  and  seismic  data  suggest  that 
continental  rifts  overlie  regions  where  the  mantle  lithosphere  has  been  thinned, 
and  some  calculations  suggest  that  this  thinning  is  a necessary  precursor  to 
crustal-scale  brittle  failure  (3).  Brittle  graben  faults  in  the  shallow  crust 
thus  pass  downward  into  a more  ductile  regime.  By  making  reasonable  assumptions 
concerning  fault  attitude,  the  widths  of  continental  rifts  provide  an  upper 
bound  on  the  effective  elastic  thickness  of  the  crust  or  lithosphere  (4)  , the 
best  estimates  coming  from  places  where  extension  is  least.  Continental  rifts 
have  been  used  as  analogues  for  inferring  near-surface  rheology  and  the  existence 
of  lateral  tectonic  movements  on  Venus. 

There  is  a major  controversy  concerning  the  ultimate  causes  of  continental 
rifts:  either  they  are  "passive",  with  extension  and  rifting  caused  by  far-field 
stresses  and  with  uplift  following  later  as  a result  of  lithospheric  thinning; 
or  they  are  "active",  with  uplift,  lithospheric  thinning,  and  rifting  directly 
caused  by  a mantle  thermal  anomaly  (5).  Both  types  seem  mechanically  feasible, 
and  the  evidence  needed  to  choose  between  them  must  come  from  geological  and 
geophysical  studies,  as  along  the  Red  Sea  rift  where  fission-track  ages  in  rocks 
adjacent  to  the  Red  Sea  demonstrate  that  uplift  followed  both  rifting  and  the 
initiation  of  volcanism  by  10-15  my.  (6),  requiring  a passive  formation 
mechanism.  The  distinction  is  of  some  importance,  because  the  active  mechanism 
implies  vertical  tectonics  (at  least  locally),  whereas  the  passive  mechanism  is 
more  consistent  with  horizontal  tectonics.  At  present,  we  cannot  easily  obtain 
diagnostic  geological  or  geophysical  data  on  other  planets  needed  to  distinguish 
between  these,  but  such  data  are  not  totally  out  of  reach  when  field  work  with 
landers  begins. 

3.  Convergent  plate  boundaries:  Extensional  structures  occur  in  a variety 
of  tectonic  environments  associated  with  convergent  boundaries.  Normal-fault 
earthquakes  occur  oceanward  of  trenches  as  a result  of  tensional  bending  stresses 
in  the  upper  part  of  the  elastic  lithosphere.  Extension  occurs  behind  many 
island  arcs,  commonly  producing  "back-arc  basins",  because  the  motion  vector  for 
the  subducting  slab  is  steeper  than  the  slab  itself  (1),  requiring  that  the  hinge 
migrate  away  from  the  arc  (this  is  sometimes  inappropriately  called  "trench 
suction") . The  value  of  either  of  these  types  of  extensional  structures  for 
analogue  studies  is  unclear.  The  Basin  and  Range  and  metamorphic  core  complex 
structures  in  the  North  American  Cordillera  may  be  continental  equivalents  of 
back-arc  structures  in  the  oceans,  or  they  may  be  related  in  a more  complex  way 
to  changes  in  relative  plate  motions  (7).  Recognition  of  either  type  of 
structure  on  another  body  would  be  strong  evidence  for  horizontal  tectonic 
movement.  Despite  the  "blobby"  distribution  of  exposed  metamorphic  core 
complexes,  their  origin  requires  large  (>100%)  horizontal  extension,  with 
proportionately  less  vertical  movement.  Consequently,  we  must  avoid  assuming 
automatically  that  planetary  tectonic  topography  characterized  by  dome-like 
features  is  necessarily  due  to  vertical  movements. 

Excessively  elevated  topography  produced  by  collision  commonly  fails  by 
extension  simply  due  to  gravity  (3);  in  fact,  there  is  a major  young,  low-angle 
normal  fault  cutting  Mount  Everest!  Because  gravitational  failure  of  high 
topography  does  not  depend  on  the  mechanism  for  creating  the  topography,  these 
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collapse  structures  could  serve  as  potential  analogues  for  studies  of  elevated 

terrain  on^other^  bodies  Varies:  Qb  movement  ve  ctors  commonly  produce 

transtensional  basins  on  the  earth,  but  their  value  as  “alo®'JieS0^eJ  JQdies . 

beCaUSIt^Lt^S  sc'e:6  Tt/e'ncTude'grabens  and  nor.*1  £ aults^ue 

to-  1)  bending,  2)  lateral  slip  or  flow  along  a discontinuity,  an  a 3 

of  surficial  materials  to  topography  or  ™ shallow" normal  faults  and 

1-  From  considerations  of  simpiepiate  bending, ,3^110^  and  along 

grabens  can  form  in  the  hinge  regions  . examples  are  discussed  in 

the  anticlinal  hinges  peripheral  to  basms  crustal  scale, 

the  literature.  Because  most  of  these  s*fu^*®a  k the  total  extensional 
and  because  most  involve  the  bending  of  layered  rocks, 

strain  developed  is  not  very  large.  materials  can  slide  or  flow 

? Tf  local  conditions  permit,  surface  materials  can 

2.  It  local  conuit.Lv  v ->.h  the  extension  accommodated  by 

laterally  along  a subsurface  discontinuity,  with  th  t ific  geologic 

the  formation  of  normal  faults  and  grabens.  these  stuctures  are 

conditions  are  unlikely  to  be  duplicated  on  h^pacin“  and  width  of 

useful  analogues  because  they  de.onstrat  1 for  the  thickness  of  the 

geometrically  simple  grabens  provide  direct  evidenc 

faulted  layer  (9).  . . , • f surface  will  develop  drape 

3.  Sediments  deposited  over  a high  relief  anticlines) 

structures  when  they  compact.  Drape  a Normal  faults  are  mechanically 

formed  this  way  have  been  known  am  not  aware  of 

possible  in  the  hinge  regions  of  these  ***£  ^ active  areas,  poorly 

any  published  studies  describing  them.  In  to  \enling  and  faulting  in 
consolidated  surface  materials  mu  result  is  the  development 

consolidated  rocks  buried  beneath  t em.  shallow  grabens  formed 

rif ting^in  no.hetn  CT 

as  analogues,  and  they  have  been  use  primary  problem 

faults  and  grabens  on  Mercury,  Kars  Ganyned, e and  t „ , >n.  The  pr  y P ^ 
is  one  of  scale  - lost  of  the  planetary  features  are^i  _g  ^ thi,  scale 

difference  retires  that  "me  use  structural  analogues 

:^tr^p^rto1t.^ta^U^ao^:tnirtrrU^^  because  there  are 
no  dynamic  tectonic  and  degradational  systems  to  mas 
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HSP0N^|  OF  ™'C,K  LITHOSPHERES  TO  LOADING.  DM.  Janes  and  H.J.  Melosh,  Luna, 
and  Planetary  Laboratory,  University  of  Arizona 

Studies  of  the  Uthospheric  tectonics  of  one-plate  planets  have  used  flat  plate  (1)  and  thin  shell  (2)  approximations  or 

and  Imfslv 5fe*S  StateS  adfUo"al  topographic  and  gravitational  data  (3)  to  determine  lithospheric  thicknesses 
d stress  histones  in  a number  of  applications.  We  have  developed  an  exact  analytical  model  to  determine  the  stress 
state  in  a spherical  lithosphere  of  finite  thickness  (4).  For  a superposed 
load,  here  modeled  as  a Gaussian  distribution,  the  stress  state  is  a 
function  of  four  dimensionless  parameters:  LTH/Rp,  the  ratio  of 
lithospheric  thickness  to  planetary  radius;  q,  the  ratio  of  isostatic  to 
flexural  response,  ct,  the  characteristic  width  of  the  load  in  radians;  and 
9,  the  angular  distance  from  the  load  center  (Fig.  1).  For  a superposed 
load,  the  four  required  boundary  conditions  are:  1,2)  shear  stresses  at  the 
base  and  surface  of  the  lithosphere  are  zero,  3)  vertical  stress  at  the 
lithosphere  surface  is  that  due  to  the  overlying  load  and  4)  the  load  and 
isostatic  restoring  forces  are  in  equilibrium  at  the  base  of  the 
lithosphere.  The  parameter,  q,  cannot  be  known  exactly  for  most 
planetary  bodies,  but  can  be  closely  approximated.  The  tectonics  of 
loading  are  relatively  insensitive  to  q,  being  far  more  dependent  on  the 
width  of  the  load  (a). 

NARROW  LOADS.  The  current  study  reproduces  the  stresses 
and  tectonic  patterns  derived  from  flat-plate  approximations  when  a is  Fie.  1:  Load  Model  Parameters 
small  (<  tc/32).  Surface  stresses  derived  from  the  model  are  converted  into  maps  of  predicted  fault  types  as  functions 
of  angular  distance  from  the  load  center  and  lithospheric  thickness  for  a given  o and  q Fig  2 stows  the  surface 
tectonics  for  a load  of  a = *64.  and  two  values  of  q:  a)  1 .1 1 (Mars)  and8  b)  0.28  x lk  (Lato™  ££*£? 
planets  represent  the  extremes  of  q among  single-plate  solar  system  bodies. 
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<a>  Eig^:  Fault  Types  For:  a)  Mars  and  b)  Miranda  for  o = n/64  (b) 

Thf  C regionkS°f  fau,t  ‘ypes  can  be  generalized  as  tectonic  provinces  surrounding  the  load  center  (Fig  3) 

The  major  difference  between  the  two  cases  is  the  magnitude  of  the  ' 

stresses.  For  the  smaller  q (lower  shell  rigidity),  greater  deflection  of 
the  lithosphere  is  required  to  balance  the  load  stress  at  the  base 
resulting  in  greater  induced  radial  and  hoop  stresses. 

BROAD  LOADS.  For  broader  loads  that  cover  a significant 
degree  of  curvature  on  the  planet,  the  results  are  sharply  different  from 
those  obtained  by  a flat-plate  approximation.  Again  using  Mars  and 
Miranda  as  the  two  type  examples,  the  tectonics  produced  by  a broad 
load  with  o = ji/8  are  given  in  Figs.  4a  and  b.  These  tectonic  fields  are 
shown  graphically  in  Fig.  5 which  differs  considerably  from  the  narrow 
load  examples.  In  particular,  the  narrow  load  (’Flat-Plate')  response 
produces  radial  thrusts  and  concentric  graben  while  the  broad  load 
( Shell ) response  produces  neither  of  these  features  but  instead  results  in 
radial  thrusting.  Again,  the  exact  radial  distances  at  which  the  transition 
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Fig.3;  Narrow  Load  Tectonic  Pattern 
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TRANSITION.  The  transition  between  narrow  and  broad  load  responses  can  be  seen  in  Fig.  4a.  The 
singularity  is  a point  of  isotropic  stress  at  the  planetary  surface.  As  the  load  width  narrows,  the  isotropic  singularity 


and  the  changeover  from  wide  to  narrow  load  responses  occurs  in  thinner  lithospheres.  The  response  type  can  be 
plotted  as  a function  of  width  and  lithospheric  thickness  (Fig.  6a  and  b). 

APPLICATIONS.  Generally,  q,  a and  the  tectonic  response 
field  are  known  for  a given  planet  and  load,  while  the  lithospheric 
thickness  at  the  time  of  loading  is  to  be  determined.  A previous  study 
(1),  using  a flat-plate  approximation,  demonstrated  that  lithospheric 
thicknesses  can  be  determined  from  tectonic  fields  produced  by  lunar 
mascon  loading.  This  study  is  in  general  agreement  with  those  results. 

However,  taking  the  finite  width  of  the  load  into  account  results  in  a 
moderate  lowering  of  the  estimated  lithospheric  thickness.  As  Figures 
4a  and  b show,  two  of  the  more  intriguing  features  in  the  solar  system 
straddle  the  transition  between  narrow  load  (’Flat-Plate')  response  and 
broad  load  (’Shell  ) response.  If  the  Coronae  of  Miranda  were  initially 
surface  loads,  then  the  tectonics  produced  should  be  a very  sensitive 
indicator  of  the  lithospheric  thickness  at  the  time  of  their  formation.  The  Eifivil  Broad  Load  Tectonic  Pattern 
case  of  the  Tharsis  Rise  on  Mars  is  complicated  by  a long  history  of  increasing  load  size  in  the  Tharsis  region  and 
by  having  to  determine  the  relative  contributions  to  the  stress  field  by  mantle  upwelling  and  the  load.  This  study 
demonstrates  that  no  model  attempting  to  determine  the  history  of  this  region  solely  on  the  basis  of  current  Mars 
data  can  succeed,  as  Tharsis  has  passed  through  various  response  regimes  during  its  construction. 
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(a)  Fig.  6:  Tectonic  Response  Fields  For  a)  Mars  and  b)  Miranda 
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References:  (1)  Melosh,  H.J.,  The  Tectonics  of  Mascon  Loading,  Proc.  Lunar  Planet.  Sci.  Conf.  9th,  3513-3525, 
(1978)'  (2)  Comer  R.P.,  S.C.  Solomon  and  J.W.  Head,  Mars:  Thickness  of  the  Lithosphere  From  the  Tectonic 
Response  to  Volcanic  Loads,  Rev.  of  Geophys.,  23,  No.  1.  61-92,  (1985);  (3)  Banerdt,  W.B.,  R.J.  Phillips,  N.H. 
Sleep,  and  R.S.  Saunders,  Thick  Shell  Tectonics  on  One-Plate  Planets:  Applications  to  Mars,  JGR,  87,  No.  B12, 
9723-9733,  (1982);  (4)  Janes,  D.M.  and  HJ.  Melosh,  Sinker  Tectonics:  An  Approach  to  the  Surface  of  Miranda,  JGR, 
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EARLY  TECTONIC  PROCESSES  AROUND  MARTIAN  MULTI-RING  BASINS.  R.W.  Wich- 
man  and  P.H.  Schultz.  Dept,  of  Geological  Sciences.  Brown  University,  Providence.  R.l. 
02912. 

Although  the  most  recent  tectonic  activity  on  Mars  is  associated  with  the  Tharsis 
volcanic  province,  much  of  the  deformation  preserved  in  the  cratered  uplands  of  Mars  is 
independent  of  the  predicted  Tharsis  stress  fields  (1.2).  Many  of  these  features  can  be 
associated  with  nearby  impact  basins  (2.3),  and  tectonic  patterns  in  the  Hellas-lsidis 
region  of  Mars  indicate  that  these  multi-ring  basins  controlled  early  regional  deformation 
by  a variety  of  processes  (4, 5.6). 

Early  tectonic  features  around  the  Hellas  and  Isidis  impact  basins  can  be  divided  on 
the  basis  of  distribution  and  age  (see  figure)  into  three  stages  of  tectonic  deformation 
that  converge  on  the  basin  center  over  time  (4,5).  First,  concentric  canyons  form  out- 
side the  basin  boundary  scarp  at  or  near  the  time  of  basin  formation.  Second,  wide  radial 
troughs  form  extending  from  the  massif  ring  through  the  basin  scarp.  Finally,  after  a 
hiatus  in  observed  activity,  concentric  graben  develop  around  the  central  basin  plains 
within  the  massif  ring. 

Three  processes  have  been  proposed  to  account  for  basin-centered  tectonic 
deformation:  elastic  flexure  due  to  basin  loading  (7,8);  elastic  flexure  due  to  uplift  (9); 
and  extended  impact-induced  fracturing  (10,11).  Each  of  these  processes  can  account 
for  a different  stage  of  deformation.  Flexure  under  the  load  of  the  central  basin  plains  can 
produce  the  graben  in  the  massif  ring.  The  required  load  thickness  is  comparable  to  the 
thickness  of  observed  basin-filling  units  (6);  and  the  inversion  of  observed  load  radius 
and  fracture  location  for  lithospheric  thickness  (6,12)  agrees  with  the  theoretical  calcula- 
tions of  Schubert  et  a!  (13).  Flexure  due  to  isostatic  uplift  within  the  basin  can  form  the 
radial  troughs.  The  extent  of  observed  deformation  matches  modeled  stress  fields  for 
the  predicted  lithospheric  thicknesses  (6);  and  the  age  of  the  troughs  is  also  consistent 
with  a period  of  post-impact  uplift  and  lithospheric  stress  concentration  before  surface 
fracture. 

Elastic  flexure  under  a basin-centered  load  also  could  account  for  the  outer  con- 
centric canyons,  but  such  a load  requires  lithospheric  thicknesses  significantly  greater 
than  those  indicated  by  planetary  thermal  history  calculations  (6).  Although  flexure  due 
to  an  additional  load  created  by  basin  ejecta  can  reduce  the  required  lithospheric  thick- 
ness to  acceptable  values,  the  observed  canyon  widths  (up  to  100  km)  exceed  the  size 
of  graben  attributed  to  flexure  elsewhere  on  Mars  and  the  Moon  by  an  order  of  mag- 
nitude. Either  some  process  (mass-wasting)  widened  the  graben  soon  after  basin  for- 
mation or  these  features  reflect  an  extended  impact-induced  fracture  field.  Rapid  inward 
flow  of  the  asthenosphere  beneath  the  lithosphere  during  transient  cavity  collapse  can 
extend  lithospheric  failure  up  to  four  crater  radii  beyond  the  basin  scarp  (11).  thereby 
accomodating  the  observations.  Further,  fracturing  the  lithosphere  as  a whole  produces 
failure  on  the  scale  of  the  lithospheric  thickness,  which  is  much  greater  than  the  scale  of 
near-surface  flexure 

This  impact  fracture  mechanism  is  an  extension  of  the  process  Meiosh  and  McKin- 
non (14)  proposed  for  the  formation  of  scarps  around  multi-ring  basins  and  requires  that 
the  transient  cavity  penetrate  the  lithosphere.  Therefore,  if  the  martian  lithosphere  is  on 
the  order  of  100  km  in  thickness  (13)  and  the  transient  cavity  aspect  ratio  is  5:1.  this 
mechanism  should  apply  to  basins  with  transient  cavity  (massif  ring?)  diameters  over  500 
km.  Further,  basins  near  this  size  should  only  develop  a few  concentric  scarps  (10),  To 
develop  the  extended  fractures  of  the  Hellas  region,  a greater  lateral  flow  of  the  astheno- 
sphere is  needed  and  a significantly  larger  transient  cavity  is  required.  Since  distant  con- 
centric canyon  systems  have  only  been  identified  around  Hellas  (4,5)  and  perhaps 
Chryse  (15,16),  which  is  of  similar  size,  the  formation  of  distant  concentric  canyons 
appears  to  be  limited  to  only  the  largest  impacts  in  martian  history. 

In  summary,  the  tectonic  patterns  around  the  Hellas  and  Isidis  basins  indicate  a 
three  stage  deformation  sequence  reflecting  three  processes  acting  at  different  times. 
Distant  concentric  canyon  systems  form  immediately  after  basin  formation  in  response  to 
either  impact-induced  failure  extending  beyond  the  basin  or  flexure  under  a basin  ejecta 
load  with  immediate  canyon  enlargement.  Radial  trough  formation  soon  follows  after  isos- 
tatic basin  uplift  and  stress  concentration  have  acted  on  the  lithosphere.  Finally,  filling  of 
the  central  basin  cavity  leads  to  lithospheric  flexure  inside  the  basin  scarp,  thereby 
producing  concentric  graben  in  the  massif  ring  annulus  outside  the  central  basin  plains. 
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FIGURE  1 . Hellas-centered  Lambert 
projection  showing  tectonic  features 
in  the  Hellas-lsidis  region.  HI,  H2,  H3 
= Hellas  concentric  canyon  systems; 
pp  = pityusa  Rupes;  AR  = Amenthes 
Rupes;  Nr  - Nili  Fossae;  AF  = 
Amenthes  Fossae;  HMG  = grabens  in 
the  Heliespontes  Montes.  Shaded 
reaions  show  ridged  plains  units  of  tne 
reaion:  Syrtis  Major  Planum  (SMP), 
Hesperia  Planum  (HP)  and  Matea 
Planum  (MP);  solid  triangles  denote 
volcanic  calaerae  or  hightand  paterae 
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iTn^°w  °fJ °ne'P,ate  PIan^ts  to  Loads:  Variability  due  to 

na°aC!  \JVT,dthVTL,thospher,c  Thickness  and  Planetary  Composition 
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8572U J’  Me  °sh  (Lunar  and  Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ 

We  have  developed  an  exact  model  for  vertical  loading  of  single  plate  thick  shelled  planets 
at  eppretssed  as  Gaussian  distributions  where  4s  is  approximately  the  width  of  the  load 

at  its  base.  Factors  controling  the  tectonic  response  are:  q=rmgr/m,  a parameter  that  describes 

he  physical  dimensions  of  the  planet;  s,  the  size  of  the  load;  the  ra  io  KhosThedc  Uiicknes 
to  planetary  radius;  and  angular  distance  from  the  load  center.  mnospnenc  thickness 

The  parameter  q divides  planetary  bodies  into  two  broad  categories.  For  q<l  stresses  do  not 

(p.r^ 

In  both  categories,  the  radial  distances  from  the  load  center  at  which  the  modes  of  fault;™ 
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THE  IMPORTANCE  OF  AN  ELASTIC  LITHOSPHERE  FOR  CRATER 

RETENTION  ON  ICY  BODIES.  TT  . - , . 

Valerie  J.  Hillgren  and  H.  J.  Melosh,  Lunar  and  Planetary  Laboratory,  University  ol  Arizona, 

Tucson,  AZ  85721. 


The  images  returned  by  the  Voyager  spacecraft  of  the  Galilean  satellites  provoked 
speculation  as  to  whether  viscous  relaxation  was  an  important  process  in  the  modification  o 
impact  basins  on  these  bodies  [1,2],  This  previous  work  involved  extrapolations  of  the  flow 
law  for  ice  from  terrestrial  conditions  to  the  lower  temperatures  of  the  outer  solar  system 
However,  recently  Kirby  et.  al.  [3]  have  actually  measured  the  viscous  properties  of  ice  at 

temperatures  appropriate  to  the  Galilean  satellites.  . t „ 

The  flow  law  parameters  determined  by  Kirby  et.  al.  make  ice,  even  at  extremely  low 
temperatures,  very  soft,  and  when  Thomas  and  Schubert  [4]  used  these  values  to  numerically 
model  the  relaxation  of  a 300  km  basin  on  Ganymede,  they  obtained  an  unrealistically  short 
relaxation  time  on  the  order  of  107  years.  In  their  model  Thomas  and  Schubert  treated  ice  as  a 

purely  viscous  substance  and  ignored  its  elastic  properties.  u 

We  have  also  numerically  modeled  the  relaxation  of  basins  on  Ganymede.  However, 
we  have  used  a fully  maxwell  viscoelastic  finite  element  code,  and  thus,  have  accounted  for  the 
elastic  properties  of  ice.  We  modeled  basins  ranging  in  diameter  from  50  km  to  300km,  and 
using  the  flow  law  parameters  defined  by  Kirby  et.  al.  for  at  temperatures  less  than  195  . 

We  also  used  a variety  of  different  temperature  gradients  in  order  to  determine  the 
importantance  of  this  factor  compared  to  the  presence  of  an  elastic  lithosphere  in  crater 
retention.  The  temperature  profiles  were  conductive,  with  surface  temperatures  ol  120,  13U  , 
and  140  K,  and  heat  production  rates  of  either  50%  or  70%  chondntic.  In  addition  linear 
temperature  gradients  of  10  K per  kilometer  with  surface  temperatures  of  120  and  130  K were 
also  used.  All  temperature  profiles  were  held  constant  once  they  attained  a value  ol  163  K (.6 
of  the  melting  temperature  of  ice)  under  the  assumption  that  convection  would  begin. 

Finally  we  used  a Young's  modulus  of  lxlO10  Pa  which  is  appropriate  to  ice  at  very 
low  temperatures.  In  order  to  investigate  the  role  of  the  elastic  lithosphere  in  viscous 
relaxation,  we  also  performed  calculations  in  which  the  Young’s  modulus  was  1x10*  and 

1 x 108  Pa. 

Figure  1 shows  a plot  of  basin  depth  divided  by  original  depth  versus  time  for  a 160 
km  diameter  basin.  In  the  these  calculations,  the  heat  source  for  the  temperature  gradient  was 
50%  chondritic,  and  the  surface  temperature  was  120  K.  Each  curve  represents  the  results  or 
a calculation  for  a different  Young’s  modulus.  The  crater  with  a Young’s  modulus  of  1x10 
Pa  has  relaxed  very  little  at  the  end  of  4 Ga.  While  in  sharp  contrast,  the  crater  with  a Young  s 
modulus  of  lx  108  Pa  has  relaxed  significantly  after  4 Ga.  This  relationship  holds  true  for 
basins  of  all  sizes.  Thus,  the  elastic  properties  of  ice  play  a significant  role  in  crater  retention. 

Figure  2 illustrates  that  the  temperature  gradient  has  little  effect  on  the  relaxation 
history.  The  plot  shows  basin  depth  divided  by  original  basin  depth  versus  time  for  a 300  km 
diameter  basin  with  a Young's  modulus  of  lxlO10  Pa  subjected  to  a variety  of  temperature 
gradients.  Very  little  difference  exists  between  the  curves.  This  holds  true  for  all  basin  sizes, 
and  demonstrates  that  the  the  elastic  properties  of  ice  are  more  important  than  temperature 

gradient  in  crater  retention.  , , . , . 

These  results  indicate  that  no  appeal  to  special  circumstances  need  be  made  to  explain 
the  observed  crater  populations  on  Ganymede  and  Callisto.  Instead,  an  elastic  lithosphere  can 
easily  account  for  the  existence  of  large  basins  on  these  bodies. 
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Figure  1:  See  text  for  explanation 


Figure  2:  see  text  for  explanation 
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GEOLOGY  AND  DEPOSITS  OF  THE  LUNAR  NECTARIS  BASIN 

P.D.  Spudis1,  B.  Ray  Hawke2,  and  P.G.  Lucey2  1.  U.  S.  Geological  Survey,  Flagstaff  AZ  86001. 2. 
Planetary  Geosciences,  HIG,  Univ.  Hawaii,  Honolulu  HI  96822. 

The  860-km  diameter  Nectaris  basin  forms  a conspicuous  structural  and  stratigraphic  marker  on  the 
lunar  near  side.  This  multiring  basin  was  among  the  first  recognized  on  the  Moon  [1]  and  its 
deposits  were  subsequently  used  to  subdivide  lunar  geologic  history  [2].  We  have  undertaken  studies 
of  the  geology  of  Nectaris  basin  deposits,  morphology  of  its  ring  system,  and  the  composition  of  its 
deposits  as  determined  by  remote-sensing  techniques  in  order  to  better  understand  the  regional 
geology  of  the  Nectaris  area,  the  provenance  of  possible  Nectaris  ejecta  collected  from  Apollo 
landing  sites  (Apollo  16  in  particular),  and  to  provide  additional  constraints  on  the  nature  of  the 
lunar  basin-forming  process.  This  study  extends  our  ongoing  investigation  of  lunar  basins  using  the 
methodology  we  have  previously  applied  to  the  Orientale  [3]  and  Imbrium  [4]  basins. 

Nectaris  basin  deposits  and  ring  system.  Although  the  Nectaris  basin  is  heavily  modified  by  age  and 
the  superposition  of  other  basin  deposits,  we  can  still  recognize  several  geologic  units  that  by  virtue 
of  their  position  and  stratigraphic  relations,  appear  to  represent  Nectaris  basin  units.  The  most 
conspicuous  unit  is  the  Janssen  Formation  [2,5];  this  unit  is  exposed  primarily  southeast  of  the  basin 
rim  and  consists  of  coarsely  lineated  material  whose  lineations  are  radial  to  the  center  of  the 
Nectaris  basin  (at  16°  S,  34°  E).  The  Janssen  Fm.  is  analogous  to  the  Imbrium  basin  Fra  Mauro  Fm. 
and  the  Orientale  basin  Hevelius  Fm.;  as  such,  it  probably  consists  of  both  Nectaris  basin  primary 
ejecta  and  local  material  reworked  by  secondary  cratering  [6].  It  has  long  been  considered  that 
Nectaris  basin  ejecta  is  absent  elsewhere  around  the  basin;  however,  several  workers  [e.g.,  7,  8]  have 
suggested  that  the  hilly  and  furrowed  Descartes  material,  which  subtends  a broad  arc  concentric  to 
the  Nectaris  rim  west  of  the  basin,  is  Nectaris  ejecta  modified  by  superposed  Imbrium  basin 
secondary  craters.  If  this  interpretation  is  correct,  the  only  sectors  around  the  basin  that  do  not 
have  any  exposed  Nectaris  ejecta  are  those  which  are  covered  by  the  later  mare  basalts  (Maria 
Tranquillitatis  and  Fecunditatis).  In  addition  to  these  basin  exterior  deposits,  a knobby-textured  unit 
crops  out  in  the  basin  interior  [7]  that  may  be  analogous  to  the  knobby  Montes  Rook  Fm.  of  the 
Orientale  basin;  moreover,  numerous  massifs  delineate  basin  rings  both  within  and  outside  the  basin. 

The  Nectaris  ring  system  is  relatively  well  preserved.  The  main  basin  rim,  well-defined  in  the 
west  and  south  by  the  arcuate  Altai  scarp,  is  860  km  in  diameter.  A series  of  equant  to  rectilinear 
massifs,  of  wrhich  the  Kant  plateau  is  an  example,  define  the  main  basin  rim  in  the  north  and  east 
sectors.  Mare  ridges  and  massif  chains  within  the  basin  define  three  interior  rings  of  240,  400,  and 
620  km  diameter.  Additionally,  several  studies  [e.g.,  1,  9,  10]  have  recognized  a large,  subtle  ring 
exterior  to  the  Altai  rim;  this  ring  (1320  km  diameter)  passes  through  the  Apollo  16  landing  site. 
Thus,  in  terms  of  basin  size,  ejecta  distribution  and  number  of  rings,  the  Nectaris  basin  may  be 
considered  analogous  to  the  better-preserved  Orientale  basin. 

Composition  of  Nectaris  basin  deposits  by  remote-sensing.  The  Apollo  16  orbital  spacecraft  overflew 
portions  of  the  northern  rim  of  the  Nectaris  basin  measuring  elemental  concentrations  of  Al,  Mg,  Fe, 
Ti  and  Th;  these  geochemical  data  indicate  that  the  regional  composition  of  these  deposits  range 
from  highly  feldspathic  (anorthosites)  to  anorthositic  norite  [11,  12].  Such  a composition  is  in 
contrast  to  comparable  deposits  of  the  Imbrium  and  Serenitatis  basins  [4,  12],  where  low-K  Fra 
Mauro  basalt  is  a major  component;  however,  Nectaris  basin  deposits  are  less  anorthositic  than 
comparable  Orientale  basin  deposits  [3].  Results  of  mixing  model  studies  [12]  indicate  that  LKFM 
basalt  can  constitute  at  most  only  about  25%  to  the  deposit  composition. 

We  have  previously  reported  preliminary  results  from  the  analysis  of  forty  near-infrared 
reflectance  spectra  in  the  Nectaris  highlands  region  [13].  The  Nectaris  highlands  display 
mineralogical  compositions  rich  in  Fe-bearing  plagioclase  and  low-Ca  pyroxene,  comparable  to  the 
deposits  observed  around  the  Apollo  16  site  (anorthositic  norite  to  noritic  anorthosite).  We  have 
found  several  localities  around  the  Nectaris  region  that  appear  to  consist  of  shocked  plagioclase  wdth 
virtually  no  mafic  mineral  phase  present,  e.g.,  within  Kant  crater  on  the  Nectaris  main  rim,  within 
the  crater  Cyrillus  A inside  the  basin,  and  within  the  crater  Bohnenberger  F,  located  on  top  of  a 
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highland  massif  that  forms  part  of  the  inner  (Montes  Pyrenaeus)  ring  of  the  basin  (620  km 
diameter),  We  interpret  these  spectra  to  indicate  the  presence  of  shocked  anorthosites,  comparable 
to  those  observed  within  the  Orientale  basin  [3].  Spectra  obtained  for  a portion  of  the  hummocky 
basin  unit  north  of  the  basin  center  suggest  a relatively  high  concentration  of  low-Ca  pyroxene  in 
this  unit  [13];  together  with  an  observed  anomalously  high  Mg/Al  value  [14],  we  conclude  that  this 
area  consists  of  a dominantly  noritic  composition,  either  pristine  norites  or  a deposit  rich  in  low-K 
Fra  Mauro  basalt.  Remote-sensing  studies  of  Nectaris  basin  deposits  indicate  that  the  regional 
compositions  tend  to  be  more  anorthositic  than  those  of  the  Imbrium  or  Serenitatis  basins,  but  more 
mafic  than  typical  Orientale  basin  materials. 

The  Apollo  16  site  and  the  Nectaris  basin.  Several  studies  have  emphasized  the  influence  of  the 
Nectaris  basin  on  the  geologic  development  of  the  Apollo  16  landing  site  (see  summary  in  [15]).  Of 
the  two  main  geologic  units  at  the  site,  the  Descartes  material  is  most  likely  to  be  Nectaris-related; 
as  noted  above,  this  unit  probably  makes  up  the  continuous  deposits  on  this  side  of  the  basin, 
modified  by  the  superposition  of  subsequent  Imbrium  basin  secondary  craters.  The  Descartes  material 
at  the  site  appears  to  consist  of  a complex  megabreccia  of  dominantly  anorthositic  to  anorthositic 
norite  composition.  The  overlying  Cayley  plains  were  probably  emplaced  by  the  Imbrium  basin 
"debris  surge"  [6],  and  as  such,  would  consist  mostly  of  reworked  local  material  (the  Nectaris  basin 
Descartes  material). 

Numerous  impact  melt  rocks  were  collected  at  the  Apollo  16  site;  although  the  number  of  melt 
groups  present  is  still  debated  [cf.  16,  17],  the  most  abundant  melt  composition  is  that  of  "VHA 
basalt",  an  aluminous  variety  of  LKFM.  Because  the  regional  composition  around  the  Apollo  16  site 
is  more  aluminous  and  less  KREEPy  than  these  melt  rocks,  they  are  unlikely  to  be  the  products  of 
local  impact  craters  [e.g.,  18].  They  are  either  melt  rocks  from  relatively  large  craters  (>  100  km) 
that  occur  uprange  to  the  Imbrium  basin,  transported  to  the  site  during  the  Imbrium  debris  surge 
[19],  or  they  may  represent  fragments  of  the  Nectaris  basin  melt  sheet  [8].  Our  results  are 
consistent  with  either  of  these  two  latter  models. 

Discussion.  The  Nectaris  basin  impact  can  be  modelled  by  the  proportional-growth  cratering  model 
[e.g.,  20].  For  a basin  main  rim  diameter  of  860  km,  results  indicate  a transient  cavity  diameter  of 
470  ± 100  km,  a maximum  depth  of  excavation  of  40  to  55  km,  and  total  excavated  volumes  between 
6.3  and  9.2  x 106  km3;  greater  than  90  percent  of  the  excavated  volume  is  derived  from  depths  of 
less  than  30-40  km.  If  the  average  crustal  thickness  is  on  the  order  of  70  km  [21]  and  the  crustal 
structure  of  [22]  is  approximately  correct,  then  the  bulk  of  Nectaris  basin  ejecta  would  be 
dominantly  anorthositic  in  composition,  as  in  fact  is  seen  from  the  remote-sensing  data.  We  suggest 
that  the  Nectaris  basin  formed  by  a proportional-growth  mechanism,  into  a grossly  layered  lunar 
crust.  The  ejecta  from  this  impact  is  dominantly  of  anorthositic  composition;  mafic  components  (i.e., 
noritic,  LKFM)  are  present  in  the  ejecta,  probably  in  minor  (10-20%)  quantities.  The  bulk  of  the 
returned  Apollo  16  samples  are  ultimately  of  Nectaris  basin  provenance;  the  relation  of  some  Apollo 
16  melt  rocks  to  the  Nectaris  basin-forming  event  is  possible,  but  has  yet  to  be  conclusively 
demonstrated. 
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SHALLOW  MOONQUAKES  — EXTRATERRESTRIAL  ANALOG  OF  INTRAPLATE 
EARTHQUAKES 

NAKAMURA,  Y.  and  OBERST,  J.,  Institute  for  Geophysics  and  Department  of 
Geological  Sciences,  University  of  Texas  at  Austin,  Austin,  TX  78759-8345 


Among  numerous  seismic  events  observed  on  the  moon  during  the  Apollo  mission,  most 
of  which  were  not  of  tectonic  origin,  there  were  a small  number  of  large  moonquakes  of 
distinct  characteristics.  Although  fewer  in  number  (28  identified  in  6 years,  197L1977) 
compared  with,  e.g.,  deep  (>700  km)  moonquakes  of  tidal  origin  (more  than  3,000  iden- 
tified) they  included  some  of  the  largest  seismic  events  observed  on  the  moon,  with  an 
estimated  body-wave  magnitude  of  5.8  or  greater  for  the  largest  event  in  6 years.  These 
shallow  (<100  km?)  moonquakes  are  similar  in  many  respects  to  earthquakes  that  occur  in 
stable  continental  interiors.  Since  no  structures  associated  with  active  plate  motions  axe 
evident  on  the  moon,  these  moonquakes  cannot  be  related  to  plate  tectonics  exterior  to  the 
plate  or  along  plate  boundaries.  Instead,  large  shallow  moonquakes  must  be  caused  solely 
bv  the  thermoelastic  stress  accumulated  in  the  upper  interior  of  the  moon.  Seismicity  ot 
single-plate  planets  such  as  the  moon  thus  helps  us  to  understand  intraplate  seismic 

activities  on  the  earth. 
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GEOLOGIC  MAPPING,  CARTOGRAPHY,  AND  GEODESY 
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NEW  GEOLOGIC  MAPS  OF  THE  URANIAN  SATELLITES  TITANIA,  OBERON  UMBRIEL  AND  MIRANDA.  S.K. 
Croft  Lunar  & Planetary  Laboratory,  University  of  Arizona,  Tucson,  AZ  85721. 

po  , d ,e  ntr7aU  other  structures.  A set  of  graben-Iike  lin.an.ents  ™ 

Wunda  and  on  the  central  peak  of  Vuver.  Crater  rays  are  much  less  Promment  ^ ^nel  than  on 

~~3se^3£Is^t^ 

-ar  Aiberich  apparently  extend  through  the  limb  proffle  «f  (3),  -ounnn^for  one 
are  morphologically  subdued.  This  impression  becomes  even  stronger  when  the  best  trn  g 

&==£^ 

Miranda  is  also  included,  though  aspects  of  its  geology  have  been  disc“s*ed  233  ‘ 43  3 Thomas 

REFERENCES.  l.Strom,  R.G.(1987)  ICARUS  70,517.  2.Smith  B fItnoalvl(v1986^C‘e?  rr nfr  S K H 9881LPS 
P.C.(1988)ICARUS  73,  427.  4.  Helfenstein  P.  & J.  Veverka  (1988)LPS  XIX,  p.  47  . • 

XIX,  p.  225  and  references  therein. 
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GANYMEDEW  ,T  7ECT°N'C  EVOLUTION  OF  DARK  TERRAIN  ON 
OANYMEE>E  Scott  L.  Murchie  and  James  W.  Head,  Department  of  Geological  Sciences 

JeffVey  B- piescia'  “ 

Introduction.  The  surface  of  Ganymede  consists  of  two  major  terrains:  heavily  cratered 

"Sht  terain  ^Ut  by  t6Ct0niC  tr0UghS  °r  "furrows'"  and  stratigraphically  younger,  resurfaced 
g tain  possessing  complexly  crosscutting  "grooves”  [1  21  Dark  terrain  hoc  K 

widely  interpreted  to  be  the  primordial  upper  .aye?  oL  differentiated  ,ce manth e darkened  by 
intermixed  meteontic  material,  from  which  a dense,  Callisto-l.ke  crater  population  his  been 
removed  by  viscous  relaxation  [e.g.  3],  although  a few  workers  [e.g.  "have  proposed  a 

fractal-^ 0rngin-i°fhdark  Furrows  are  commonly  thought  to  be  impact-generated 

. 6 ^ ° ’ Ut  a |3aie  ^ tecton’c  origin  of  furrows  has  also  been  proposed  [4  6]  In  this 

abstract  we  summarize  three  classes  of  observations  which  support  a volcanic  origin  of  dark 
rain  and  which  are  evidence  for  a combined  impact-tectonic  origin  of  furrows  To  attemot 

Pr°P0Se  a Very  d,ITerent  parad,em  *”■  and 

.enrafn.^k*^?  “‘nlln  in  TTwtK  °*C“  **«"  da' k 

ui  rows  aie  distinct  from  sui rounding  terrain  because  of  their  slightly  different  albedo  The 
fuirow-flank  materials  are  in  some  cases  observed  to  partially  bury 

ReSnIS  Larger  d.ark  ST°°th  deP°slts  in  northwestern  Nicholson  Regio  and  centrfl  Marius 

andg  onTv  n U reTSKd  ^ ^ fUrr°Wed  terrain’  and  a<-  their  edges  they  embaj  olde  cratels 

furrowl  m The  5 ^ TheSe  dep°SltS  are  Selves  cut  by  younger 

tui rows  17]  The  variable  stratigraphic  relation  of  furrows  with  dark  material  »nA  fu 

association  of  dark  smooth  material  with  furrows  suggest  dark  terrain  exnerienrpH  m \ ^ 

sequence  of  volcanic  dark-material  resurfacing  and^XS^SsT^  iSS^ 

regions  of  dark  furrowed  and  dark  smooth  terrains  also  ha£ very 

mor^iojogies  [4.9, 1 0 j suggesting  that  these  reg,„„s  may  have  had  diaune.tv  e htttts  ’ 

\CiZ  H di  V S Determination  of  relative  ages  of  widely  separated  surfaces  usin- 

rat0i  densities  i eouires  somp  IrnnwiorJ  rrev  rx-T  U ^ +.  U ^ a.  . n 


fu,  • „ , . . : — 'ciative  ages  or  wiaeiv  separa 

crater  densities  requires  some  knowledge  of  whether  crater-form  in 
hehoaemrie  on  planetooentne:  a planetoeent™  crater, „g  ZZ  ToZlTZ  ^Z  TZ 
ongitudes  whereas  a heliocentric  cratering  flux  would  decrease  systematically  from  the 
leading  edge  to  the  trailing  edge.  Thus  crater  densities  should  be'di^  JeUl^  te  It 

n c 2aTV°hri™  y,S'Parated  SUr?”S  'f  impactor  bombardment 

in  contrast,  if  heliocentric  impactor  bombardment  occurred,  then  crater  densities  must  he 

normal, zed  to  a standard  di  stance  from  the  leading  edge  to  be  used  as  measureTofTlative 

df'errSnglf  ‘ETo^  T”.  "5^  a'‘  hcl,oce"tric  »r  Plonetoeentric  bombardment  bv 

craters  tsummarised  in  ref  71  3 ? 7 edge'trailin«  edge  gradient  for  some  class  of 

aceis  [summarized  in  tef.  7],  implicitly  assuming  spatially  uniform  crater  retention  ti™* 

sit  srr  “pm  — ^ 

“ pXmr^d^r m 7 reg,ans  °f  dark 

unLrn  era ^ 

/Pred,°minantly  by  3 Single>  heliocentric  impactor  population  and  suggest 
that  the  leading  edge/trailing  edge  density  gradient  for  small  older  craters  has  be^b^ed 
by  non-synchronous  resurfacing  within  dark  and  light  terrains  obscured 
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If  heliocentric  crater-forming  bombardment  of  Ganymede’s  presently  observed  surface  is 
assumed,  then  crater  densities  of  different  regions  of  dark  smooth  and  furrowed  terrain 
translate  into  significantly  different  relative  crater  ages  [7].  Neither  terrain  has  a globally 
younger  crater  age,  although  smooth  deposits  have  a consistently  younger  cratei  age  than  do 
adjacent  furrowed  terrains.  Three  of  four  regions  of  dark  smooth  terrain  and  three  of  six 
regions  of  furrowed  terrain  have  differing  relative  crater  ages  and  depleted  densities  of  small 
craters.  In  these  same  regions,  some  large  craters  have  flat  floors  and  lack  ejecta  deposits  or 
are  embayed  by  dark  material.  The  remaining  surfaces  possess  linear  size-frequency 
distributions,  but  still  have  differing  relative  crater  ages.  These  observations  suggest  a 
prolonged  period  of  dark-material  resurfacing,  with  some  deposits  being  thick  enough  to  bury 
all  preexisting  craters,  and  other  deposits  being  thick  enough  to  bury  small  craters  but  too 
thin  to  bury  rim  crests  of  large  craters.  Occurrence  of  furrows  on  surfaces  of  widely  different 
crater  age  implies  that  furrow-forming  tectonism  occurred  throughout  the  peiiod  of 
resurfacing  [7], 

3.  Furrow  organization . Furrows  are  organized  into  three  hemispheric-scale  systems. 
Two  of  these  systems,  one  in  the  anti-Jovian  hemisphere  ( 'system  I ) (Figure  2)  and  one  in 
the  sub-Jovian  hemisphere  ("system  III"),  contain  approximately  concentric  and  less 
abundant  subradial  troughs  [12],  System  I and  its  associated  dark  materials  appear  to  be 
superposed  on  the  western  portion  of  system  III  [2,7,12].  Within  each  system  the  concentric 
and  subradial  troughs  have  variable  crosscutting  relations  and  regionally  different  crater  ages 
[7,12].  The  center  of  symmetry  of  system  III  is  obscured  by  younger  light  material,  but  the 
center  of  system  I is  located  in  dark  terrain  and  contains  a giant  "palimpsest  (Figure  2 - a 
circular  albedo  feature  interpreted  to  be  of  impact  origin)  [12  and  references  therein].  Thus 
the  arrangements  of  systems  I and  III,  but  not  their  furrows’  variable  ages  and  associations 
with  dark  material,  are  consistent  with  an  impact  origin. 

"System  II"  consists  of  troughs  arranged  radially  to  an  area  southeast  of  Galileo  Regio 
(Figure  2),  and  these  troughs  crosscut  ail  other  furrows  and  all  dark  materials  [12,13].  The 
central  portion  of  the  system  contains  a 3000-km  radius  circular  patch  of  dark  smooth 
material,  and  the  dark  materials  with  the  globally  youngest  crater  age  [13].  This 
configuration  is  not  suggestive  of  an  impact  origin,  but  rather  has  been  inteipieted  to  lesult 
from  volcanism  and  fracturing  on  a circular  thermal  uplift  [13]. 

Paradigm  of  dark  terrain  evolution . The  observations  and  interpi  etations 
summarized  herein  are  inconsistent  with  the  "conventional  view  of  dark  tettain  geology. 
Rather,  they  are  consistent  with  a very  different  paradigm  proposed  by  Murchie  et  al.  [13] 
(which  is  only  slightly  different  from  a similar  paradigm  developed  by  Croft  [4  and  lefeiences 
therein]);  A Callisto-like,  possibly  primordial  surface  was  fractured  by  two  very  large 
impacts,  forming  multiringed  structures.  These  structures  and  preexisting  craters  were 
buried  by  dark  ice-volcanic  material,  and  the  structures  were  reactivated  by  extensional 
tectonism  to  form  systems  I and  III.  Burial  and  reactivation  each  occurred  one  or  more  times 
in  various  locales.  Resurfacing  became  concentrated  with  time  in  a thermally  anomalous 
region,  which  was  uplifted  and  fractured  to  form  system  II  as  dark-matei  ial  volcanism  ga\e 
way  to  emplacement  of  younger  light  terrain. 

References . [1]  Smith,  B.  and  the  Voyager  Imaging  Team,  Science  204 , 951-972,  1979. 
[2]  Smith,  B.  and  the  Voyager  Imaging  Team,  Science  206 , 927-950,  1979.  [3]  McKinnon, 
W.  and  E.M.  Parmentier,  in  Satellites , ed.  by  J.  Burns  and  M.  Matthews,  pp.  718-763,  Univ. 
of  Arizona,  Tucson,  1986.  [4]  Croft,  S.  and  B.  Goudreau,  Lunar  Planet.  Sci . XVIIL  209-210, 
1987.  [5]  Schenk,  P.  and  W.  McKinnon,  Icarus  72 , 209-234,  1987.  [6]  Casacchia,  R.  and  R. 
Strom,  Proc.  Lunar  Planet.  Sci . Conf.  14th , in  J.  Geophys.  Res . 89 , B419-B428,  1984.  [7] 
Murchie,  S.,  J.  Head,  and  J.  Plescia,  submitted  to  Icarus.  [8]  Helfenstein,  P.,  Ph.  D.  thesis. 
Brown  University,  1986.  [9]  Zuber,  M.  and  E.M.  Parmentier,  Icarus  60 , 200-210,  1984. 
[10]  Murchie,  S.,  Ph.  D.  thesis,  Brown  University,  1988.  [11]  Murchie,  S.,  J.  Head,  and  J. 
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Plescia,  this  volume.  [12]  Murchie,  S.  and  J.  Head,  J.  Geophys.  Res . 93 , 8795-8824,  1988. 
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Fig.  L Southern  Galileo  Regio.  Dark  smooth 
deposits  ("A")  and  partially  buried  craters  (MBM) 
occur  in  the  topographic  lows  between  higher- 
albedo  furrow-flank  materials.  (Voyager  2 image 
20636.59,  centered  near  23°N,  144° YV.) 


Fig.  2.  Mercator  map  of  dark  terrain  structures  in 
the  anti-Jovian  hemisphere,  including  system  I 
furrows  (Fine  solid  lines),  system  II  furrows  (heavy 
solid  lines),  and  the  giant  palimpsest  (stippling). 
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POLAR  DEPOSITS  OF  MARS:  NORTH-SOUTH  COMPARISONS 

P.  C.  Thomas,  Cornell  University,  Ithaca  NY  14853 

Mapping  of  both  polar  deposits  of  Mars  and  measurement  of  colors  and  albedos  of  their 
surface  materials  allows  a better  comparison  of  some  of  the  differences  and  similari 

p„,a'  !poles  show  a compo„en,  that  appears 

bright  Martian  surf icial  dust  or  material  raised  in  dust  storms  ( °™as  a . materjaj  at  scales  below 

>,nft  Murrav  19891  The  north  polar  deposits  show  admixtures  of  dark  material  at  scales  oeiow 
meolSltar  a (50  m)  Thedarkest  pola?  materials  are  sand  dunes,  which  have  colors  and  albedos 
similar  ?o  dunes  at  other  latitudes  of  Mars  (Thomas  and  Weitz,  1989).  The  south  | 
a ' ”e„  to  have  a dark  dune  component  (Thomas  and  Weitz,  1989;  Herkenhoff  and  Murray  1989) 
The  residual  frost  cap  presents  a problem  in  that  some  work  suggests  it  should  be  mu 
because of the  fndltded  duTt  (Kieffer,  ’5988).  The  edges 

lavered  deoosit  materials  at  scales  well  below  the  resolution  limit  of  about  50  m.  Combinations  o 
the  ctean  and  dirty  frost  at  scales  less  than  a few  m may  satisfy  albedo  and  thermal  balance  require- 

mentS'  The  morphologic  mapping  of  layers,  troughs,  and  dunes  at  both  poles  emphasizes  the  basic 
similarity  of  the  polar  geology  even  if  the  superficial  appearances  have  some  drastic  differences  The 
SositJ ^show  cons  derable  erosion  from  their  maximum  extent.  Dune  sand  is  a significant  (few  %?) 
coSent Pleased  by  this  erosion.  Although  summer  winds  move  it  away  from  the  layered  deposits, 
seasonally  reversing  Jinds  (Thomas,  1982)  confine  most  of  the  sand  to  latitudes  J; 

The  Northern  plains  allow  a widespread  set  of  ergs  (Lancaster  and  Greeley,  1989),  the  southern 

topography  confines  dunes  to  topographic  traps  such  as  craters.  . _rrect:ng 

P 8 Structural  elements  control  locations  of  some  troughs,  but  their  nature  and  role  in  attect  g 
trough  migration  (Ifarfy)'  are  no.  known.  Some  southern  deposit  troughs  al.gn  w.th  I, near  troughs 
• _ i.L_  tprrn in  and  su226St  some  factors  in  c o m m o n in  their  origins.  ^ # . , 

Work  on  the  f rosting/def.osting  of  dunes  and  different  layered  deposits  wdl  give  more  msigh 
into  theSarities  and  differences  between  poles,  which  can  then  help  in  mterprettng  then  overall 

sedimentary  regime  and  long  term  history. 

This  work  is  supported  by  NASA  Grant  NAGW  111. 
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Figure  1: 

Polar  layered  deposits,  dunes,  and  troughs  in  polar  materials.  Maps  cover  the  same  latitude 
a source  of  dunes  as  are  the  layered  deposits. 
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NORTH  KASEI  VALLES — GEOLOGY  AND  HYDROLOGY 

M.G.  Chapman  and  D.H.  Scott,  U.S.  Geological  Survey,  Flagstaff, 

86001 


Arizona 


Mapping  of  the  north  Kasei  Valles  area  at  1:500,000  scale  [1]  provides 
new  information  regarding  the  geologic  and  hydrologic  history  of  this  large 
Martian  outflow  channel.  Changes  in  water  level  or  multiple  erosional  event 
occurred  throughout  the  area,  indicating  both  catastrophic  flooding  and 
glacial  erosion.  Relative  ages  of  geologic  units  and  various  geomorphic 
features  were  established  by  stratigraphic  relations  and  supported  by  crater 
counts;  relief  measurements  were  obtained  in  places  by  photoclinometr  c 

meth°Thel oldest  recognized  geologic  unit  in  the  map  area  is  Hesperian  ridged 
plains  material  (Hr),  interpreted  to  consist  of  basaltic  lava  fl°ws- 
material  forms  high  plateaus  (about  1.4  km  above  the  Kasei  Valles  floor)  and 
mesas  that  are  erosional  remnants  of  the  broad  Lunae  Planum  sur  ace* 

Streamlined  features,  including  islands  and  longitudinal  grooves,  occur 
locally  on  the  ridged  plains  within  and  east  of  the  map  area-  Degraded 
plateau  material  (Hpd),  consisting  of  chaotic  terrain,  is  transitional  w 
the  ridged  plains  unit  on  the  plateau;  the  degraded  material  borders  the  Kasei 
channel  and  appears  to  have  been  formed  where  the  surface  material  of  the 
ridged  plains  was  stripped,  exposing  less  consolidated,  fractured  layers 
may  be  richer  in  ice.  Channeled  plains  material  (Hchp)  forms  the  Kasei  Valles 
floor,  and  it  has  pronounced  erosional  features  such  as  longitudinal  grooves 
as  deep  as  170  m and  streamlined  islands  exceeding  700  m in  height*  Channeled 
plains  are  overlain  in  the  western  part  of  the  map  area  by  basalt  flows  of 
member  4 of  the  Amazonian  Tharsis  Montes  Formation  (At4)  [3].  Small  sinuous 
channels  that  cut  the  basalt  flows  may  be  due  to  late-stage  fluvial 
activity.  Apron-forming  material  (AHa)  consists  of  fans  and  slumps  along  the 
boundary  between  ridged  plains  and  the  narrow  north  channel  of  Kasei  Valles. 
Theater-headed  channels  (AHcht),  formed  by  sapping  processes,  cut  channeled 
plains  in  the  southern  part  of  the  map  area.  Basalt  flows  of  member  5 of  the 
Tharsis  Montes  Formation  (At5)  [3]  overlie  the  narrow  north  channel  of  Kasei 

Valles  in  the  southern  part  of  the  map  area. 

Kasei  Valles  lie  on  a plain  that  was  topographically  lower  than  Lunae 
Planum  before  erosion  of  the  valley  by  water  or  ice.  Some  small  buttes, 
remnants  of  plateau  material  within  Kasei  Valles,  are  polygonal  in  shape  and 
appear  to  have  been  unaffected  by  erosion  to  the  degree  that  they  are  not 
streamlined.  Depressions  on  the  northern  extension  of  Lunae  Planum  (Sacra 
Fossae)  predate  channeling  as  indicated  by  erosional  features  on  the  plateau; 
these  features  can  be  traced  back  to  the  Sacra  Fossae  depression  at  at 
24°  N.  long  67°  that  connects  to  the  south  channel  of  Kasei  Valles.  Frett  ng 
along  the  open  faces  of  grabens  in  Sacra  Fossae  may  have  initiated  the  mesa 
and  butte  morphology  of  the  area.  The  east-west  orientation  of  "arrow 

north  and  south  channels  of  Kasei  Valles  is  parallel  to  some  major  fracture 
patterns  around  Tharsis,  an  observation  which  suggests  that  the  channels  were 
not  primarily  formed  by  fluvial  erosion  but  were  structurally  controlled  and 
enlarged  by  scarp  recession;  during  later  flooding  they  became  the  narrow 

north  and  south  channels  [4].  .,,oai11nn.i 

Vastly  different  water  levels  during  flooding  are  implied  by 
islands  on  both  the  Kasei  floor  and  the  surrounding  plateau-  Streamlined 
features  on  Lunae  Planum  lie  at  an  elevation  1 km  above  and  are  less 
pronounced  than  those  on  the  Kasei  Valles  floor.  The  Lunae  Planum  features 
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probably  were  formed  during  an  earlier  erosional  phase.  Also,  the  relief 
between  the  plateau  and  channel  floor  may  have  been  increased  by  scouring  of 
the  Kasei  Valles  floor  during  successive  stages  of  erosion.  Observations  of 
features  on  the  channel  floor  that  support  changes  in  water  level,  episodic 
flooding,  or  changes  in  stream  alignment  are  (1)  rectilinear  crevices  whose 
relations  to  longitudinal  grooves  indicate  that  they  formed  both  before  and 
after  grooving;  (2)  longitudinal  grooves  heading  in  an  easterly  direction  are 
transected  perpendicularly  by  the  south  channel  of  Kasei  Valles  [5];  and  (3) 
a topographic  ridge  bordering  Kasei  was  first  bisected  and  then  streamlined- 
This  ridge  is  unlike  mare-type  ridges,  and  it  may  be  a depositional  feature 
such  as  a levee  because  of  its  northeast  trend,  parallel  to  Kasei  Valles- 

Some  streamlined  islands  have  impact-crater  rims  on  their  upstream 
side.  The  floors  of  the  craters  are  bowl-shaped  and  apparently  unfilled, 
indicating  that  water  had  not  overtopped  the  crater  rims  and  deposited 
sediments  inside.  Those  craters  that  have  incised  rims  and  whose  floors  are 
not  filled  appear  to  have  been  overtopped,  but  they  may  have  been  infilled  by 
ice  that  has  since  sublimated. 

Melted  ground  ice  derived  from  the  fractured  and  probably  porous  Lunae 
Planum  lava  flows  could  be  responsible  for  Kasei  flooding;  water  was 
apparently  emitted  by  the  faulting  and  collapse  that  produced  Echus  Chasma. 

The  ridged  plains  materials  of  Lunae  Planum  appear  to  have  been  the  major 
source  for  numerous  fluvial  features  in  the  map  area.  Evidence  suggesting 
that  the  ridged  plains  material  was  the  primary  source  of  water  include  the 
following:  (1)  theater-headed  Sacra  Fossae  developed  within  ridged  plains 
material  were  modified  by  sapping,  (2)  degraded  plateau  material  may  have  been 
formed  by  removal  of  ground  ice  from  ridged  plains  material,  and  (3)  gullies 
cutting  apron-forming  material  east  of  the  map  area  appear  to  originate  from 
within  the  ridged  plains  material.  Large  volumes  of  water  may  have  come  from 
the  melting  of  interstitial  ice  in  the  subsurface  by  volcanic  heating  [61;  the 
release  of  large-scale  floods  could  have  been  triggered  by  the  development  of 
Tharsis  volcanism  [7]. 


Evidence  suggests  that  Kasei  Valles  was  formed  by  catastrophic  flooding, 
as  indicated  by  large  streamlined  mounds,  conspicuous  flow  lines,  and  possible 
cataract  features  [8,9].  Glacial  erosion  appears  to  have  partly  contributed 
to  the  formation  of  Kasei  Valles  [5].  The  frigid  temperatures  of  Mars  (mean 
annual  temperature  of  -40  °C  at  the  equator  [10])  and  the  ambiguity  of 
processes  forming  geomorphic  features  suggests  that  the  most  likely 
explanation  for  Kasei  Valles  is  a combination  of  catastrophic  flooding  and 
glacial  action.  The  water  levels  either  varied  markedly  during  catastrophic 
flooding  or  flooding  was  episodic  in  nature.  Flooding  was  succeeded  by  late- 
stage  Tharsis  volcanism  that  produced  basaltic  flows  covering  the  channel 
floor. 
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STRATIGRAPHY  OF  THE  KASEI  VALLES  REGION,  MARS;  Mark  S. 

Robinson,  University  of  Alaska,  Fairbanks,  Alaska,  99775,  and  Kenneth  L.  Tanaka,  U.S.  Geological 
Survey , Flagstaff ] Arizona,  86001 


Introduction 

We  identify  and  describe  thicknesses  and  geomorphology  of  the  two  principal  strati- 
graphic units  exposed  in  Kasei  Valles  to  aid  in  interpreting  (1)  the  nature  of  crusta  ma- 
terials and  (2)  the  history  of  the  channeling  events  in  the  area.  Prev.ons  studies  of  Kasei 
Valles  have  related  the  channel  landforms  to  glacial  flow  flucc/iilte,  im),  catastrophic  flooding 

[Baker,  1982],  and  large-scale  eolian  erosion  [Cutts,  19<8].  < 

The  two  units  (an  upper  and  a lower  unit)  form  thick  sheets,  each  having  distinct,  geomor- 
phologic  features.  Thicknesses  of  the  units  were  determined  through  preliminary  stereogram- 
metric  profiles  taken  across  many  sections  of  western  Kasei  Valles  and  shadow  ^asurements 
taken  of  scarp  heights  from  calibrated  Viking  images  having  sun  angles  less  than  25  , 
values  were  examined  to  confirm  that  true  shadows  were  observed. 

Description  and  Interpretation  of  Upper  and  Lower  Units 
The  upper  unit  is  capped  by  ridged  plains  material.  Along  the  margins  of  the  unit 
(where  it  was  partly  removed  by  channeling),  either  steep-walled  scarps  (A  in  Fig.  1)  or 
chaotic  terrain  (B)  have  formed.  At  the  bases  of  the  scarps  are  extensive  talus  slopes  and 
debris  aprons,  and  narrow  moats  (Cin  Fig.  1)  border  the  chaotic,  terrain  at  the  northwes  e ge 
of  the  Kasei  Valles  area.  Carved  into  the  upper  unit  are  low-relief,  streamlined  forms  (D,  E) 
in  high-standing,  scoured  interchannel  areas.  The  upper  unit  is  also  incised  by  Sacra  Fossae 
(F),  large  fretted  valleys  that  mostly  trend  northwest  and  northeast.  Shadow ‘ 
and  stereogrammetry  show  the  upper  unit  to  have  an  average  thickness  of  1000  m ± 200  m 

west  of  long  59°  and  to  thin  or  dip  down  to  the  east. 

The  ridged  plains  material  is  apparently  underlain  by  more  friable  material.  Where 
exposed  by  channeling,  the  upper  unit  has  been  eroded  by  the  sapping  of  ground  wa  ex  or 
ground  ice  to  form  the  fretted  valleys,  debris  aprons,  and  chaotic  terrain  (the  streamline 
forms  at  D and  E (Fig.  1)  did  not  reach  this  lower  layer  of  the  upper  unit).  At  the  east 
edge  of  Lunae  Planum,  the  ridged  plains  material  embays  cratered  plateau  material.  We 
therefore  interpret  that  the  more  friable  lower  layer  consists  largely  of  impact  breccias.  Our 
thickness  measurements  correspond  to  De  lion’s  [1982]  estimates  of  the  thickness  of  ridged 
plains  material  and  Battistini’s  [1984]  estimate  of  the  depth  to  a mechanical  discontinuity. 

The  lower  unit,  where  exhumed,  has  a smooth,  flat  surface.  The  unit  is  eroded  main  y 
by  channeling;  no  mass- wasting  features  formed  from  it.  In  lower  channel  reaches  low  scarps 
formed  in  the  unit,  indicating  that  it  consists  of  a series  of  thin,  resistant  layers.  Etched  in  o 
the  unit’s  surface  is  an  extensive  series  of  subparallel  striations  (G  and  Hm  Fig  1)  that  on  a 
regional  scale,  follow  the  course  of  the  Kasei  Valles  channel.  Teardrop-shaped  forms  (l  and  J 
in  Fig  1)  occur  in  the  unit  throughout  the  channel  system;  some  appear  to  be  deposition*! 
while  others  may  be  erosional.  Locally,  the  unit  is  extensively  fractured  by  sets  of  cracks 
that,  trend  northeast  and  northwest;  the  cracks  have  been  widened  by  processes  of  uncertain 
nature.  In  places,  small,  widely  dispersed  channel  networks  (H  and  I m Fig.  1)  that  cut  the 
lower  unit,  do  not  follow  the  regional  stream  course  but.  follow  local  gradients.  Where  ^ie 
channel  cuts  through  the  top  of  the  lower  unit,  its  elevation  drops  abruptly  (K,  L).  Wrinkle 
ridges  on  the  lower  unit  are  rare  and  somewhat  degraded  (e.g.,  at  lat  26°,  long  62°  an  a 
29.5°,  long  58°). 
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Figure  1.  Shaded  relief  map  of  Kasei  Valles;  letters  indicate  locations  referred  to  in  text. 

The  lower  unit  occurs  at  depths  ranging  from  about  1 km  to  at  least  3.5  km.  It  therefore 
consists  of  material  that  is  generally  much  lower  in  stratigraphic  position  than  most  exposed 
materials  on  Mars,  including  cratered  plateau  material.  Its  competence,  layering,  and  low 
stratigraphic  position  indicate  that  it  consists  of  a sequence  of  lava  flows  that  correspond  to 
basement  material,  which  locally  forms  basin  rims  and  massifs  on  Mars  [ Scott  and  King,  1984] 
ol  Early  Noachian  age  [Tanaka,  1986]. 

Channeling 

Streamlined  channel  forms  in  Kasei  Valles  occur  predominantly  within  the  lower  unit  and 
outside  the  deeply  incised  main  channels.  The  streamlined  forms  of  the  lower  unit  commonly 
exhibit  first-order  length-to-width  ratios  (the  form  of  a group  of  bars)  of  3 to  4 and  second- 
order  length-to-width  ratios  (the  form  of  an  individual  bar)  of  2 to  3.  The  first-order  ratios 
indicate  high  discharge  rates,  and  the  second-order  values  indicate  waning  discharge  rates 
[Baker,  1978].  Within  the  upper  unit  no  groups  of  bars  are  present,  but  the  streamlined  forms 
of  individual  bars  on  the  upper  unit  (e.g.,  D in  Fig.  l)  have  length-to-width  ratios  exceeding 
3.  The  apparent  sequence  of  events  is  as  follows:  (1)  streamlined  forms  are  carved  into  the 
ridged  plains  material  that  caps  the  upper  unit;  (2)  the  lower,  friable  material  of  the  upper 
unit  is  removed  by  channeling,  and  streamlined  forms  and  striations  are  cut  into  the  surface 
of  the  lower  unit;  (3)  the  channel  scarps  continue  to  erode  by  mass  wasting;  and  (4)  the 
main  channels  are  cut  into  the  lower  unit,  which  locally  is  fractured  and  channeled. 


i.  .*&■■ 
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Preliminary  stereogrammetric  measurements  show  a rise  of  about  500  «>« 

the  main  north  channel  where  it  turns  to  the  northeast  (at  H in  Fig.  ).  -■ 

,to  the  lower  unit  veer  out  from  ami  leave  the  main  channel  in  the  area  where  he  chan 
floor  begins  to  rise  The  major  flow  of  the  eroding  snbstance  apparently  did  not  follow  the 
^se  of  "L  mmn  charmel,  but  rather  it  turned  less  sharply  to  the  east  and  dispersed  on 

",e  in  the  south  channel  of  Kasei  Va.^  show  a gradual 

decrease  from  west  to  east,  and  the  lower  unit  ,s  not  incised  <etwjn  long  «1  an  • 
(loldstone  radar  profiles  indicate  that  the  ridged  plains  material  is  nearly  flat  in  nor 
, Plenum  ( lat  20°)  These  observations  indicate  that  the  contact  between  the  upp 

low^imits  Vises  eastward. 'farther  east,  the  channel  floor  steepens  and  again  cuts  t rough 
the  lower  unit.  This  steepening  of  the  channel  floor  is  reflected  in  the  steeper  c laune  wa 
(M  in  Fig.  1),  similar  to  those  seen  in  the  area  of  headward  erosion  where  the  channel 

through  the  lower  unit-  850  kin  upstream  (K). 

Future  Work 

We  are  continuing  to  analyse  the  stereogrammetry  data  to  m»r-;  a^«fately  determine 
th^north^Ki^eWdiamief^Tcu^em^under  investigathim^etailed  study  of  the 

:r;inir°r 

has  shaped  them. 
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GEOLOGIC  MAPPING  OF  SOUTHERN  MANGALA  VALLES,  MARS. 
James  R.  Zimbelman,  Center  for  Earth  and  Planetary  Studies, 
National  Air  and  Space  Museum,  Smithsonian  Institution, 
Washington,  D.C.  20560. 

Geologic  mapping  in  the  Memnonia  region  of  Mars  along  the 
southern  (headward)  portion  of  Mangala  Valles  has  been  carried 
out  as  part  of  the  Mars  Geologic  Mapping  program.  Three  geologic 
maps  at  a scale  of  1:500,000  (MTM  sheets  -10147,-15147,  -20147) 

will  result  from  this  effort,  two  of  which  are  under  review  and 
one  that  will  be  completed  soon.  Responsibility  for  the  three 
maps  is  shared  with  other  researchers  at  NASM  and  at  Arizona 
State  University. 

Mangala  Valles  heads  in  terrain  of  complex  and  diverse 
geologic  and  tectonic  history  (Fig.  1)  . The  oldest  materials 
(Nplh  and  Nm)  form  ridges  that  run  north-south  through  the 
region,  separating  some  subsequent  units.  The  orientation  of  the 
ridges  is  controlled  by  tremendous  scarps,  most  likely  faults, 
some  with  over  2 km  of  vertical  relief  (1) . The  faulting  may  be 
related  to  a basin-forming  impact  event  (2)  whose  center  is  in 
Daedalia  Planum,  mostly  buried  by  Tharsis  volcanics  (3). 
Superposed  on  the  eastern  margin  of  the  ridges  are  old  cratered 
plains  (Npl ) . The  Noachian  materials  are  all  embayed  or 

truncated  by  the  Mangala  Valles  materials  which  are  Hesperian  or 
younger  in  age.  The  most  widespread  material  associated  with  the 
Valles  system  (Hchp)  has  a few  streamlined  features  on  its  upper 
surface  but  it  also  has  a pronounced  lobate  margin  in  places  so 
that  both . fluvial  and  volcanic  origins  may  be  involved.  This 
material  is  deeply  scoured  by  the  erosion  associated  with  the 
formation  of  the  Mangala  Valles  channels  (Hch^^).  Topography 
derived  from  Earth-based  radar  measurements  (4)  show  that  east  of 
the  present  main  channel  (Hch2)  the  oldest  channel  materials  are 
200  to  400  m higher  than  the  channel,  while  the  cratered  plains 
west  of  the  channel  are  tilted  to  the  east  (5;  Fig.  2).  The 
geometry  of  the  deposits  are  interpreted  to  indicate  that  the 
main  stream  channel  moved  progressively  westward  during  the 
course  of  outflow  events  at  Mangala  Valles.  Radar-derived 
topography  along  the  present  main  channel  show  that  Mangala 
Valles  follows  an  average  gradient  of  .001  (Fig.  3),  consistent 
with  active  rivers  at  a comparable  distance  from  their  source 
(6).  . This  raises  that  possibility  that  some  of  the  fluvial 

activity  at  Mangala  Valles  may  have  been  sufficiently  longlived 
to  begin  development  of  a graded  profile.  The  youngest  material 
in  the  map  area  are  volcanic  plains  associated  with  Tharsis 
volcanism  (AHt)  , kept  from  making  contact  with  the  Mangala 
materials  by  the  topography  of  the  Noachian  materials. 

This  work  was  supported  by  NASA  grant  NAGW-1390. 
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Figure  1 (right) . Simplified  geologic  : 
sheets  -10147,  -15147,  and  -20147.  See 
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PRELIMINARY  GEOLOGIC  MAPPING  IN  THE  WESTERN  UTOPIA  PLANITIA 
REGION  OF  MARS. 

Steven  H.  Williams,  Lunar  and  Planetary  Institute,  3303  NASA 
Road  1,  Houston,  Texas  77058  and  James  R.  Zimbelman,  Center 
for  Earth  and  Planetary  Studies,  National  Air  and  Space 
Museum,  Smithsonian  Institution,  Washington,  DC  20560. 

Introduction  Geologic  mapping  in  western  Utopia 
Planitia  (MC-6;  37.5-42.5°,  290-300°)  is  being  conducted  as 
part  of  the  Mars  Geologic  Mapping  project  within  the 
Planetary  Geology  and  Geophysics  Program.  Final  mapping 
will  produce  two  1:500,000  scale  geologic  maps,  using  MTM 
photomosaics  40292  and  40297  as  bases.  The  mapping  area  is 
located  in  the  knobby  terrain  on  the  lowland  side  of  the 
highland/lowland  boundary  in  MC-6SW,  north  of  the  Nilosyrtis 
Mensae.  Geologic  mapping  of  this  region  will  allow  the 
following  questions  to  be  addressed:  1)  What  is  the 
sequence  of  geologic  events  that  have  formed  and  modified 
the  lowland  terrain  near  the  highland/lowland  boundary?  Can 
the  nature  and  age  of  the  boundary  be  constrained?  2)  Has 
burial  and/or  exhumation  of  the  surface  occurred,  and,  if 
so,  how  often  have  gradation  cycles  occurred  and  to  what 
extent  has  terrain  now  exposed  been  protected  from  erosion 
in  the  past?  3)  Can  the  origin  and  nature  of  mantling 
deposits  be  determined  from  their  morphology?  Preliminary 
investigation  of  the  two  study  quads  indicates  a "yes"  for 
all  three  questions;  quantitative  answers  require  more 
detailed  work. 

Background  The  largest-scale  map  containing  the  study 
area  is  the  USGS  MC-6  map  (1) , in  which  units  are  determined 
from  Mariner  9 images  based  strictly  on  morphology.  The 
units  in  the  study  area,  youngest  to  oldest,  were  plains, 
volcanic  plains,  hilly  terrain,  knobby  terrain  and  crater 
rim  and  fill.  Three  stratigraphic  interpretations  of  the 
relationship  between  knobby  and  plateau  material  (which 
outcrops  south  of  the  study  area) : 1)  The  knobs  are  a unit 
beneath  (older  than)  the  plateau  material  that  is  being 
exhumed  by  erosion.  2)  The  knobs  are  erosional  remnants  of 
portions  of  the  plateau  material  that  are  more  resistant  to 
erosion.  3)  The  knobs  are  the  tops  of  igneous  intrusions. 
Preliminary  indications  are  that  both  1 and  2 are  correct. 
More  recent  maps  incorporate  the  units  into  the  developing 
martian  stratigraphy  (2,3),  although  at  a much  smaller 
scale.  A global  view  is  taken  in  (2),  where  the  study  area 
is  mapped  as  having  three  units:  Hesperian-age  rolling 
plains,  Hesperian-age  knobby  material,  and  Amazonian-age 
cratered  plains.  The  older  units  are  grouped  together  in 
(3)  and  the  plains  in  the  northern  part  of  the  study  area 
are  divided  into  Amazonian-age  smooth  and  etched  plains. 

Results  Preliminary  examination  of  the  study  area  in 
detail  reveals  a complex  gradational  history.  Virtually  the 
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entire  area  of  both  quads  appears  to  be  blanketed  by  an 
Amazon ian-age  unit  of  highly  variable  thickness  composed  of 
numerous  subunits,  each  having  limited  lateral  continuity. 
This  unit  corresponds  to  the  smooth  and  etched  plains  of  (3) 
and  is  thin  enough  in  places  to  clearly  show  the  much  higher 
crater  density  and  wrinkle  ridges  of  the  layer  beneath, 
probably  the  Hesper ian-age  rolling  plains  unit  of  (2)  . 
There  appears  to  be  a morphologic  distinction  between  knobs 
that  are  remnants  of  the  stratigraphically  higher  plateau 
units  (south  of  the  study  area)  and  the  knobs  found  here 
that  appear  to  be  erosional  remnants  of  Noachian-age 
material  protruding  from  beneath  the  volcanic  Hesperian-age 
plains.  In  many  locations  in  the  study  area,  the 

distribution  of  knobs  is  consistent  with  their  being 
remnants  of  crater  rims  on  heavily  cratered  terrain.  The 
gradation  history  of  the  Amazonian  plains  is  complex. 
Layering  is  present  where  wind  erosion  has  truncated 
mantling  layers  over  knobs.  Many  craters  in  the  study 
contain  concentric  crater  fill,  which  may  be  related  to 
repeated  episodes  of  deposition  and  erosion  (4).  Some 
channels  are  found  in  thicker  portions  of  the  Amazonian 
plains.  The  plains  are  erodable,  and  much  more  so  than  the 
older  unit  beneath  them;  hence,  they  are  probably  poorly- 
consolidated  and  fine-grained.  Channels  and  some  terrain 
softening  features  suggest  that  the  Amazonian  plains  may  be 
volatile-rich.  Similarities  in  occurrence  and  morphology  of 
the  Amazonian  plains  to  those  in  MC-5  (5)  suggest  that  they 
are  a series  of  airfall  deposits  of  some  sort.  The  upper 
few  centimeters  of  the  surface  of  many  parts  of  the  study 
area  are  currently  subject  to  aeolian  activity.  Several 

erosional  wind  streaks  and  presumed  sand  patches  occur  in 
the  study  area.  An  example  of  the  morphology  of  the 

Amazonian  plains  is  shown  in  Figure  1 • 

Conclusion  Preliminary  geologic  mapping  of  MTM  quads 
40292  and  40297  allows  the  questions  raised  in  the 

introduction  to  be  addressed.  A complex  series  of  erosion 
and  deposition  events  have  occurred  throughout  the 
Amazonian.  Volatile-rich  airfall  material  has  undergone 
gravity  flow  and  channelling  in  some  locations.  The  crater 
dating  in  progress  of  the  Amazonian  plains  and  the  Hesperian 
layer  beneath  (where  sufficiently  exposed)  may  help 
constrain  the  age  of  the  highland/lowland  boundary.  The 
plains  are  probably  airfall-type  deposits  that  are  fin® 
grained  and  poorly  consolidated.  Layering  exposed  by 
erosion  around  knobs  and  concentric  crater  fill  are  strong 
evidence,  although  working  out  details  of  burial/exposure 

cycles  is  not  likely  to  be  feasible.  If  the  areas  of  thin 
Amazonian  fill  are  erosional  windows,  then  burial  can 
protect  older  surfaces  in  a relatively  pristine  state  until 
subsequent  exhumation.  The  origin  of  the  airfall  deposits 
is  not  known. 
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Figure  1.  Some  of  the  unusual  features  of  the  Amazonian-age 
plains  are  shown  here.  The  unit  is  variable  in  thickness, 
thicker  in  the  south  and  so  thin  in  the  north  that  wrinkle 
ridges  and  secondary  crater  clusters  on  the  unit  beneath 
show  through.  The  exhumed  surface  is  relatively  uneroded. 
Many  craters  in  the  study  area  have  concentric  crater  fill 
(arrow) . Some  channelling  has  occurred  in  the  plains  unit. 
This  is  a portion  of  Viking  frame  235S03,  centered  at  39.5°, 
291°.  The  frame  is  about  70  kilometers  wide;  north  is  up. 
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VOLCANOTECTONIC  PATTERNS  ON  THE  SOUTHEAST  FLANK  OF  ALBA  PATERA 

C.D.  Condit,  U.  Mass.,  Dept.  Geo logy /Geography , Amherst,  01003 


Alba  Patera  is  the  northernmost,  and  one  of  the  oldest 
major  volcanic  centers  associated  with  the  Tharsis  volcanic 
region  [1-4],  and  is  associated  with  a large  array  of  grabens 
[5].  Understanding  the  volcanotectonic  history  of  this 
feature  offers  the  possibility  to  gain  insights  into  both  the 
early  volcanic  processes  of  Mars,  and  the  complex  tectonic 
history  of  the  Tharsis  region.  This  study  focuses  on  these 
problems,  examining  the  area  within  the  1:500,000  scale 
quadrangle  MTM  35102  [6],  located  on  the  southwest  flank  of 

Alba  Patera.  . , 

Found  in  the  southeastern  one-third  of  the  quadrangle, 
the  Ceraunius  Fossae  Formation  [4]  is  the  oldest  unit  mapped 
(crater  densities  >2  km  dia. , 666/106  km2 ) , and  is  composed  of 

lava  plains,  as  expressed  by  diffuse,  usually  indistinct  ow 

The  middle  member  of  the  Alba  Patera  Formation  [4J 
dominates  the  northwestern  two-thirds  of  the  quadrangle, 
overlies  the  Ceraunius  Fossae  Formation,  and  has  craters 
densities  of  313/106  km2.  Three  types  of  materials  have  been 
recognized  within  this  unit.  The  oldest  material  is 
interpreted  as  pyroclastic  flow  deposits  and  dominates  the 
central  and  northwestern  part  of  MTM  35102.  The  material  has 
a grainy,  mottled  appearance  with  gently  undulating  ^ 
topography,  broken  by  indistinct  flow  boundaries  with  frayed 
or  feather  edges,  and  numerous  digitate  to  dendritic  channels. 
Recognition  of  this  unit  confirms  the  findings  of  Mouginis 
Mark  et  al . [7],  strengthening  their  suggestion  that  Alba 

Patera  should  be  reinterpreted  as  a transitional  volcano 
between  the  older  pyroclastic  dominated  highland  paterae  and 
the  more  recent  flow  dominated  central  vent  volcanoes  of  the 

Tharsis  Montes.  . , . 

Interspersed  with  this  pyroclastic  flow  material,  and  in 

some  cases  overlying  it,  the  next  younger  unit  occurs  as 
smooth,  broad  oblate  to  slightly  sinuous  hills  with  moderate 
relief,  a grainy  texture  and  incipient  linear  patterns  just 
at  the  limit  of  resolution.  It  is  interpreted  as  pahoehoe 

flows.  At  some  distal  ends,  these  pahoehoe  flows  overlie  the 
Ceraunius  Fossae  Formation,  where  they  occur  along  the  contac 
between  the  middle  member  of  Alba  Patera  Formation  the  Cera 
unius  Fossae  Formation  in  central  and  southwestern  MTM  35102. 

Lava  flows  overlie  these  pyroclastic  and  pahoehoe  flows 
in  many  areas  within  the  middle  member  of  the  Alba  Patera 
Formation,  and  are  most  commonly  found  in  the  northeastern 
part  of  the  quadrangle  where,  in  some  cases,  they  direct ly 
overlie  the  Ceraunius  Fossae  Formation.  The  29  distinct  flow 
lobes  recognized  occur  as  long  (>170  km),  narrow  (10-20  km 
wide)  tongues;  most  display  flow  scarps  along  their  edges  an 
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distal  ends;  many  display  lava  channels  along  narrow 
portions.  At  their  distal  ends,  near  the  contact  of  the 
middle  member  of  the  Alba  Patera  Formation  and  the  Ceraunius 
Fossae  Formation  many  flows  appear  to  have  ponded,  with  widths 
increasing  to  as  much  as  30  km.  Photoclinometric  measurements 
suggest  individual  flow  thicknesses  of  about  50  m along  narrow 
tongues,  and  as  much  as  100  m where  ponding  has  occurred,  with 
edge  (flow  scarp)  slopes  generally  <10°,  averaging  about  5° 

(P.  A.  Davis,  pers.  commun.,  1987).  Where  stratigraphic 
relations  between  individual  flow  lobes  are  most  complete,  11 
stratigraphic  levels  can  be  documented.  The  observation  that 
lava  channels  and  flow  ponding  has  occurred  in  similar 
locations  on  both  stratigraphically  high  and  low  flow  lobes 
suggests  little  or  no  tectonic  subsidence  occurred  during 
emplacement  of  these  flow  lobes. 

Grabens  are  the  dominate  tectonic  feature  of  MTM  35102; 
all  units  and  channels  have  been  cut  by  their  faults.  Three 
graben  sets  have  been  distinguished  based  on  strike,  maximum 
width,  associated  features  and  relative  age,  the  latter 
derived  from  interpretations  of  intersection  relations  and 
offset  patterns  in  a manner  similar  to  that  of  [8].  Each  set 
appears  to  have  overlapping  ranges  of  depth,  to  several 
hundreds  of  m,  fault  slopes  of  about  65°  (P.A.  Davis,  pers. 
commun. , 1987)  and  lengths  exceeding  quadrangle  boundaries 

(>300  km).  The  oldest  set  is  dominated  by  three  large 
grabens,  spaced  about  120  km  apart  and  striking  about  N 30°  E, 
with  the  middle  of  the  three  located  in  the  center  of  the 
quadrangle.  The  floors  share  a unique  feature  to  the  graben 
sets:  ubiquitous  pit  craters  or  pit-crater  chains  (catena). 

Six  smaller  grabens  with  the  same  trend,  spaced  from  10  to  50 
km  apart  also  share  these  pit  crater  features.  The  walls  of 
these  pit  craters  have  slopes  of  about  30°  (P.  A.  Davis,  pers. 
commun.,  1987),  maximum  widths  of  10  km,  and  depths  of  about  2 
km.  This  graben  set  has  the  maximum  width  (to  11  km)  observed 
of  the  three  sets.  To  the  northeast,  outside  MTM  35012,  these 
grabens  display  a continuing  trend  of  about  N 30°  E which 
differs  from  the  next  two  sets  discussed.  The  last  sets  were 
separated  based  on  differing  trends  (and  age  relations);  the 
average  trend  of  the  intermediate  age  set  is  N 28°  E;  that  of 
third  (youngest)  set,  which  are  concentrated  in  the  western 
part  of  the  area,  is  N 08°  E.  Some  intersection  relations 
suggest  the  N 08°  E set  is  a reactivated  older  trend  of 
faulting.  No  clear  distinction  in  length,  depth  or  width 
could  be  found  between  the  second  and  third  graben  sets. 
Because  all  flows  in  the  area  are  cut  by  grabens,  no  crater 
density  data  to  constrain  relative  timing  of  faulting  could  be 
obtained . 

The  relationship  of  grabens  to  a regional  tectonic 
picture  suggests  that  catena-bearing  grabens  may  be  related  to 
the  Pavonis  I faulting  of  Plescia  and  Saunders  [9],  and,  given 
the  distinctive  pit-bearing  feature  may  have  deeper  seated 
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fractures.  The  relative  youth  of  the  N 08°  E set  argue  they 
may  be  related  to  Pavonis  II  faulting,  perhaps  a reactivation 
of  the  Syria  faulting  [9]  expressed  in  the  Ceraunius  Fossae 
directly  south  of  Alba  Patera.  It  appears  likely  the 
intermediate  age  (N  28°  E)  set,  which  curve  to  a more 
northerly  (concentric)  trend,  cutting  the  catena-bearing 
grabens  200  km  east  of  the  summit  calderas  of  Alba  Patera,  are 
of  local  origin,  probably  caused  by  stretching  effects  of  a 
thin  brittle  skin  as  proposed  by  Wise  [5]. 

The  lack  of  any  concentration  of  pit  craters  at  the 
intersection  of  catena-bearing  grabens  and  the  two  other 
graben  sets  leaves  some  doubt  as  the  age  of  the  catena-bearing 
grabens  (proposed  to  be  a young  set  by  Roto  and  Tanaka  [10]  ) * 
if  the  formation  of  pits-craters  is  related  to  graben 
faulting:  there  is  no  question  of  their  spatial  relation  to 

selected  graben  floors.  If  related  to  graben  faulting  of 
similar  magnitude  as  other  graben  sets  in  MTM  35102,  one  would 
expect  a higher  concentration  of  pit-craters  at  graben 
intersections  where  cumulative  throw  would  be  amplified,  as 
would  be  the  case  if  catena-bearing  grabens  are  younger  than 
other  graben  sets.  This  argues  that  the  pits  and  associated 
grabens  were  formed  before  younger  graben  faulting.  If,  as 
suggested  to  by  Roto  and  Tanaka  [10]],  the  catena-bearing 
grabens,  or  at  least  the  last  phase  of  movement  on  them 
(perhaps  coincident  with  pit-crater  formation)  post-dates  ail 
other  graben  faulting,  it  leaves  in  question  any  mechanism 
associating  pit-crater  formation  with  graben  faulting. 
Alternatively,  this  lack  may  suggest  that  faults  of  catena- 
bearing grabens  are  expressions  of  very  deep  fractures  [as 
suggested  by  Tanaka  and  Golombek  [11]  in  the  Valles  Marineris 
region]  relative  to  any  assoicated  with  other  grabens  in  the 
map  area  (assuming  all  pit  craters  result  from  a similar 
mechanism),  an  intriguing  problem  yet  to  be  addressed. 
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Geology  of  the  Connolly  Basin  Impact  Structure,  Western  Australia 


E.M.  Shoemaker  and  C.S.  Shoemaker 

U.S.  Geological  Survey,  Flagstaff,  Arizona  86001 

The  Connolly  Basin,  recognized  as  a probable  impact  structure  and  formally  named  by  E.M.  Shoemaker  and 

C.S.  Shoemaker  [1],  lies  in  the  Gibson  Desert  of  Western  Australia  (lat.  23°33’S,  long.  124°45’E).  The  rim 

of  the  basin,  which  is  about  9 km  in  diameter,  rises  25  to  30  m above  the  level  of  a small  playa  near  the 

basin  center.  Drainage  is  chiefly  exterior,  as  the  rim  is  breached  on  the  southwest  side.  Much  of  the 

bedrock  is  concealed  beneath  laterite  of  probable  early  Tertiary  age  [2]  and  Quaternary  colluvium  and 
alluvium.  We  mapped  the  geology  and  carried  out  a gravity  survey  of  the  basin  in  1985  and  1986  in  an 
effort  to  elucidate  the  geologic  structure  of  the  basin. 

The  oldest  exposed  rocks  are  found  in  the  center  of  the  basin  in  a subdued  topographic  rise  with  maximum 
relief  of  5 m (Figure  1).  Sheared,  crushed,  fine-  to  medium-grained  sandstone  crops  out  in  a ring  about  1 
km  in  diameter.  Dips  in  the  sandstone  ring,  which  can  be  determined  from  rare  thin  interbeds  of  coarse 
sandstone  and  conglomerate,  are  steep  to  overturned.  The  ring  outlines  a steep-sided  structural  uplift.  Trends 
of  sandstone  ridges  and  local,  well-defined  attitudes  in  the  sandstone  show  that  the  flanks  of  the  uplift  are 
puckered  in  small,  tight,  steeply  plunging  folds.  The  interior  of  the  ring  is  occupied  by  steeply  dipping 
siltstone  and  thin-bedded,  fine  grained  sandstone,  which  form  the  core  of  the  uplift.  The  structure  of  the  core 
is  locally  discordant  with  the  surrounding  sandstone  ring  and  is,  in  places,  chaotic.  We  provisionally  assign 
the  beds  of  the  central  uplift  to  the  Patterson  Formation  of  early  Permian  age  [3,4]  which  is  exposed  in  the 
Woolnough  Hills  about  70  km  to  the  south  [5]  or  to  the  probably  correlative  Grant  Group  [6,7]  of  the 
Canning  Basin  to  the  north. 

Bedrock  exposed  on  the  northeast  rim  of  the  basin  (Figure  1)  consists  of  gently  dipping  marine  siltstone  and 
sandstone  of  the  Samuel  Formation  of  Early  Cretaceous  age  [8].  Crater  ejecta  deposits  evidently  have  been 
entirely  removed  by  erosion.  As  the  Samuel  Formation  is  the  bedrock  unit  nearest  the  surface  over  a broad 
area  in  the  vicinity  of  the  basin,  and  is  estimated  to  be  only  about  30  m thick  [2],  structural  uplift  of  the 
basin  rim  cannot  exceed  about  30  m. 

In  the  vicinity  of  the  Connolly  Basin  the  Samuel  Formation  is  locally  overlain  by  sandstone  deposits 
provisionally  assigned  to  the  Lampe  Beds  of  Cretaceous  to  early  Tertiary  age  [8].  Similar  deposits  of 
sandstone  are  exposed  in  isolated  outcrops  in  a circle  surrounding  the  central  uplift  on  the  basin  floor  and 
also  high  on  the  northeast  basin  wall  [Figure  1].  These  latter  deposits,  which  clearly  represent  a post-basin 
crater  Fill,  are  also  provisionally  assigned  to  the  Lampe  Beds  but  may  well  be  of  different  age  than  the 
deposits  found  outside  of  the  basin.  Sandstone  breccia  is  exposed  in  two  places  near  outcrops  of  the  Lampe 
Beds  within  the  basin.  It  appears  likely  that  this  breccia  is  also  part  of  the  crater  fill  deposit.  At  several 
places  in  the  basin  floor,  the  Lampe  Beds  are  in  contact  with  laterite  and  are  heavily  ferruginized. 

We  interpret  the  circle  of  outcrops  of  Lampe  Beds  in  the  floor  of  the  Connolly  Basin  as  exposures  of  the 
eroded  edges  of  sandstone  strata  that  once  occupied  a larger  part  of  the  basin.  The  basin  may  once  have 
been  filled  about  to  the  level  of  the  present  rim  and  then  partially  exhumed  during  regional  dissection  of  the 
landscape  in  early  Tertiary  time. 
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Figure  1.  Geologic  nap  of  the  Connolly  Basin,  Western  Australia.  Geology  by 
E.  M.  Shoemaker  and  C.  S.  Shoemaker,  1985-1986. 
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Gravity  Investigation  of  the  Connolly  Basin  Impact  Structure,  Western  Australia 

E.M.  Shoemaker  and  C.S.  Shoemaker,  U.S.  Geological  Survey,  Flagstaff,  AZ  86001,  and 
J.B.  Plescia,  Jet  Propulsion  Laboratory,  Pasadena,  CA  91109 

The  Connolly  Basin  is  a 9-km-diameter  impact  structure  [1]  in  Western  Australia.  Geologic  mapping  of  the 
basin  [2]  indicates  that  the  center  of  the  basin  is  occupied  by  a sleep-sided  structural  uplift  a central  peak. 
The  mapping  has  been  used  to  control  the  geophysical  modeling  reported  here.  Further  control  for  the 
modeling  is  provided  by  a north-south  seismic  reflection  line  that  completely  crosses  the  structure.  The  line 
is  slightly  offset  from  the  center  of  the  basin,  crossing  along  the  eastern  edge  of  the  central  uplift  [2]. 
Strong,  nearly  horizontal  reflectors  are  present  at  depths  of  about  0.7  to  0.8  sec  beneath  the  basin  rim  and 
interior;  these  same  reflectors  are  inclined  and  offset  a few  hundredths  of  a second  beneath  the  central  uplift. 
Reflectors  at  depths  <0.7  sec  are  strongly  disrupted  and  arc  offset  by  inward-dipping  normal  faults  beneath 
the  basin. 

During  the  1985  and  1986  field  seasons,  two  gravity  profiles,  one  oriented  north-south  and  one  east-west, 
were  measured  across  the  crater.  The  north-south  profile  corresponds  to  the  location  of  the  seismic  section. 
Topographic  control  was  obtained  by  alidade,  theodolite,  and  tape  survey.  Stations  were  spaced  176.17  m 
apart  and  the  profiles  are  11.3  km  long.  Gravity  measurements  were  made  using  a Worden  Master  Model 

meter.  Both  the  gravity  values  and  topographic  control  arc  relative,  as  these  data  are  not  yet  tied  to  a 

preexisting  network.  The  Bouguer  gravity  values  included  drift,  free  air,  Bouguer  (assumed  density  2.67  g 
cm3),  and  latitude  corrections.  No  topographic  correction  was  made  as  the  correction  is  negligible  («0.01 
mgal). 

The  regional  gravity  Field  in  the  Connolly  Basin  area  is  defined  by  a sparse  gravity  network  (about  1 
station/150  km2)  [3].  A broad  northeast-oriented  gravity  high  strongly  influences  the  regional  gravity  gradient 
in  the  vicinity  of  the  crater.  The  regional  gradient  is  about  0.4  mgal/km  along  the  north-south  profile  and  0.8 
mgal/km  along  the  east-west  line.  The  residual  (regional  removed)  gravity  shows  that  the  central  uplift  is 
marked  by  a pronounced  gravity  high  (half-width  about  1.6  km)  having  about  1.6  to  2.0  mgal  of  relief 

relative  to  the  gravity  values  outside  of  the  crater  (Figure  1).  Surrounding  the  uplift  at  a distance  of  1.8  to 

4.0  km  is  a gravity  high  exhibiting  about  0.3  to  0.5  mgal  of  relief.  This  high  is  separated  from  the  central 
uplift  by  an  annular  gravity  low  (a  moat)  about  0.5  km  across  having  about  0.3  mgal  of  relief. 

Figure  1 illustrates  a possible  relative  density  model  for  the  Connolly  Basin  along  the  north -south  and  west- 
east  gravity  lines.  The  density  model  includes  a high-density  region  corresponding  to  the  central  uplift  and 
two  shallow  thin  layers  of  material  filling  the  basin.  The  central  uplift  is  composed  of  material  brought  from 
depth  (possibly  the  Patterson  Formation),  which  has  a positive  density  contrast  of  about  0.06  to  0.07  g cm 3 
relative  to  the  surrounding  country  rock.  This  contrast  is  derived  from  the  observed  gravity  on  the 
assumption  that  the  structural  amplitude  of  the  uplift  is  1 km,  about  that  expected  for  a 9-km  impact 
structure.  The  gravity  data  indicate  that  the  margins  of  the  uplift  have  variable  dip. 

We  have  postulated  two  shallow  layers  of  diverse  density  contrast  on  the  basis  of  geologic  units  mapped  on 
the  basin  floor.  The  deeper  layer  is  a ring  of  material  with  a density  contrast  of  about  -0.08  g cm3,  which 
we  interpret  as  impact  breccia.  This  low-density  layer  has  a maximum  thickness  of  the  order  of  100  m and 
is  required  to  explain  the  low-gravity  moat.  The  upper  layer,  which  we  correlate  with  an  exposed  unit  of 
crater-fill  sandstone,  has  a positive  density  contrast  of  about  0.1  to  0.13  g cm3  and  a maximum  thickness  of 
100  m.  We  infer  that  this  positive  density  contrast  arises  from  the  presence  of  low-density  shales  in  the 
country  rock  in  which  the  crater  was  formed.  A tradeoff  can  be  made  between  the  thicknesses  of  the  two 
layers  and  their  density  contrasts  in  modeling  the  gravity  anomaly. 
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SOUTH  TO  NORTH  PROFILE 


DISTAHCI  KH 


Figure  1.  Gravity  profiles  and  relative  density  models  for  the  Connolly 
Basin*  Dots  show  residual  Bouguer  anomaly;  lines  with  + marks  are  modeled 
residual  gravity  corresponding  to  relative  density  models  below  profiles. 
Density  is  shown  in  g cm"3  relative  to  main  unit  above  1 km  depth  (which  is 
unlabeled) . 


TOPOGRAPHIC  AND  SHADED  RELIEF  MAPS  OF  PART  OF  THE  NORTHERN  HEMISPHERE  OF 
VENUS 

R.M.  Batson,  P.M.  Bridges,  Raymond  Jordan,  and  Haig  F.  Morgan,  U.S. 
Geological  Survey,  Flagstaff,  Arizona  86001 

The  U.S.  Geological  Survey  has  recently  prepared  three  maps  at 
1:15,000,000  scale  of  the  hemisphere  of  Venus  north  of  about  lat  20°  (U.S. 
Geological  Survey,  1989).  The  maps  are  a result  of  a joint  mapping  project 
with  the  U.S.S.R.,  through  the  U.S./U.S.S.R.  Joint  Working  Group  on  Solar 
System  Exploration  (Basilevsky  et  al.,  1989).  The  map  set  consists  of  a 
topographic  map  (sheet  1);  a shaded  relief  map  made  by  correlation  of  data 
from  Pioneer  Venus  altimetry,  Venera  15  and  16  altimetry  and  synthetic 
aperture  radar  (SAR),  and  Earth-based  radar  images  (sheet  2);  and  an  SAR 
image  mosaic  based  on  data  provided  by  the  U.S.S.R.  Academy  of  Sciences 
( sheet  3 ) . 

Venera  images  have  resolutions  of  about  1 to  2 km,  and,  like  all  SAR 
images,  display  a narrow  range  of  topographic  frequencies,  resulting  in 
overemphasis  of  local-scale  topographic  structures.  In  the  compilation  of 
the  shaded  relief  map,  the  regional  and  continental  context  of  the  local 
topography  was  restored  by  reference  to  information  derived  from  a dataset 
containing  reconciled  altimetry  measurements  taken  by  Pioneer  Venus  and  by 
both  Veneras  (Soderblom,  written  commun.,  1989).  Radar  images  provided  by 
the  Arecibo  Observatory  (Campbell  and  Burns,  1980)  were  also  examined  to 
insure  consistency  of  portrayal  with  all  data  sources. 

The  altimetry  dataset  was  also  used  to  compile  a contour  overlay  in 
register  with  the  shaded  relief  image  base  and  to  derive  a elevation  color- 
coding scheme.  The  color  scheme  is  experimental,  and  it  may  be  modified  for 
future  Venus  maps.  The  intent  was  to  use  warm  colors,  rather  than  the  cool 
blues  and  greens  used  on  previous  Venus  maps;  on  the  current  version, 
topographic  highs  are  yellow  and  colors  range  to  dark  reds  for  the  lowest 
areas.  A continuous  rather  than  a stepwise  color  gradation  was  used  to 
avoid  apparent  ambiguity  with  the  contour  lines.  The  contour  lines  are 
expected  to  carry  the  metric  elevation  information,  because  relief  shading 
necessarily  distorts  any  elevation  color  code,  especially  on  shaded  or 
directly  illuminated  slopes. 
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ATLAS  OF  THE  SOLAR  SYSTEM 

R.M.  Batson  and  Haig  F.  Morgan,  US  Geological  Survey,  Flagstaff,  Arizona 
86001 


An  atlas  of  maps  of  all  solid-surface  planets  and  satellites  explored 
to  date  is  being  prepared  in  conjunction  with  Ronald  Greeley  at  Arizona 
State  University.  The  atlas  will  be  published  by  the  University  of  Arizona 
Press,  and  it  will  provide  a comprehensive  geographical  reference  for 
professional  planetary  science  investigators  as  well  as  interested  amateurs. 

All  of  the  maps  in  the  atlas  have  been  compiled  and  published  by  the 
USGS  (except  the  map  of  the  lunar  near  side,  now  in  compilation).  The  maps 
are  digitized  and  are  being  reprojected  to  Lambert  Azimuthal  Equal  Area 
projections  for  the  atlas.  The  map  scales  of  objects  the  size  of  Europa  and 
larger  will  be  1:10,000,000.  Scales  of  smaller  bodies  will  be  as  large  as 
1:2,000,000.  Simplified  geologic  maps  of  each  object  will  be  included, 
along  with  a brief  discussion  of  its  physical  properties. 

The  reprojections  are  complete  for  the  Galilean  satellites.  Geologic 
maps  of  Mercury,  Mars,  and  the  Moon  have  been  digitized  and  reprojected  to 
atlas  format.  The  sinusoidal  digital  files  from  which  the  reprojections 
are  being  made  will  be  made  available  to  interested  investigators  through 
NSSDC. 
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MAPPING  IRREGULAR  SATELLITES:  R.M.  Batson,  Kathleen  Edwards,  U.S.  Geological 
Survey,  Flagstaff,  Arizona  86001,  and  T.C.  Duxbury,  Jet  Propulsion 
Laboratory,  Pasadena,  California  91109 

Mapping  procedures  for  irregular  satellites  are  being  developed  and 
tested  by  napping  Phobos  and  Deimos.  Preliminary  mapping  of  Phobos  with 
Viking  Orbiter  data  is  complete  . The  napping  of  Deimos  is  well  under  way. 
The  maps  are  produced  in  digital  form  by  projecting  Viking  Orbiter  images 
onto  a global  topographic  model  made  from  collections  of  radii  derived  by 
photogramme  try . The  format  of  a digital  map  differs  in  concept  from  that  of 
a mathematical  projection  designed  for  visual  use.  As  long  as  a computer 
can  readily  access  a specified  element  of  a digital  map,  it  does  not  matter 
if  the  array  has  equal-area  or  conformal  properties.  Digital  planetary  naps 
are  normally  stored  in  the  Sinusoidal  Equal  Area  projection,  which  enables 
efficient  computer  access  (Batson,  1987). 

A body-fixed  xyz  reference  system  (Figure  1),  used  to  define  the 
coordinates  of  the  control  points,  was  chosen  to  align  with  the  three 
principal  moments -of -inertia  of  each  satellite  (IXxxbury  and  Callahan,  1989). 
In  body-fixed  xyz,  z"  lies  along  the  spin  axis,  x is  normal  to  'z'  in  the 
direction  of  the  longest  axis  and  defines  the  prime  meridian,  and  ~y 
completes  the  orthogonal,  right-handed  system.  In  stable  dynamical 
configurations,  the  three  radii  of  a triaxial  ellipsoid  approximating  the 
mean  surface  have  the  longest  radius  a along  x,  the  intermediate  radius  b 
along  y",  and  the  shortest  radius  c along  z. 

The  poles  and  prime  meridian  of  Phobos  are  defined  relative  to  the 
entire  control  network  (unlike  the  procedure  for  the  larger,  more  regularly 
shaped  bodies,  where  prime  meridians  are  defined  by  the  longitude  of  one 
surface  feature).  Phobos'  north  pole  lies  on  the  spin  axis  vector  above 
the  invariable  plane  of  the  Solar  System,  in  accordance  with  IAD  convention 
(Davies  et  al.,  1986).  Planetocentric  cartographic  coordinates  were  used 
to  define  the  body-fixed  coordinates  of  the  control  points  as  well  as  the 
satellite  mean  surface. 

The  data  analysis  of  image  locations  of  landmarks  involved  estimating 
Phobos'  rotational  properties,  the  body-fixed  coordinates  of  the  landmarks, 
and  camera  pointing  for  each  image.  The  photograirmetric  geometry  of 
narrow-angle  imaging  systems  is  too  weak  to  derive  camera-station  positions; 
the  spacecraft /Phobos  positions  previously  derived  by  spacecraft  tracking 
were  therefore  accepted  without  modification.  The  Phobos  control  network 
was  derived  by  measuring  the  coordinates  of  about  450  landmarks  in  more  than 
100  images.  Although  the  entire  surface  was  visible  to  Viking  Orbiter,  only 
70%  of  the  coverage  has  sufficient  overlap  to  yield  mapping  accuracies 
better  than  500  m.  Lesser  accuracies,  ranging  from  500  to  1000  m,  can  be 
achieved  in  the  north  polar  and  northern  leading-edge  regions.  The  inherent 
accuracy  of  map  coordinates  produced  from  Viking  images  is  about  50  m in  the 
best  observed  regions . 

Mosaics  are  made  by  projecting  images  onto  a radius  model,  for  which 
radii  at  control  points  provide  the  primary  control . When  the  figure  of  a 
planetary  object  can  be  defined  mathematically  as  a sphere  or  spheroid, 
topography  is  usually  considered  to  be  negligible  and  the  projection  can  be 
done  mathematically  (Edwards,  1987 ) . In  the  case  of  irregularly  shap>ed 
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bodies , however,  topography  is  dominant,  and  reasonably  accurate  models 
must  exist  before  useful  projections  can  be  made.  The  preliminary  Phobos 
radius  model  is  based  on  interpolations  from  the  control  net.  Eventual 
revision  by  stereophotogramnetry  will  allow  compilation  of  continuous 
measurements  and  is  capable  of  exceptionally  high  relative  accuracies. 
However,  absolute  accuracy  is  a function  of  overall  control  accuracy  (about 
100  m:  Duxbury  and  Callahan,  1989),  and  the  absolute  accuracy  of  the  Phobos 
map  is  still  an  order  of  magnitude  less  than  accuracies  theoretically 
achievable  by  stereophotogramnetry  (S.  Wu,  personal  oonnun.,  1989). 

Projecting  an  image  onto  a radius  model  requires  that  the  radius  model 
first  be  projected  to  the  plane  of  a spacecraft  image  so  that  the  two 
digital  arrays  can  be  registered.  Only  after  the  image  is  registered  can 
the  latitude  and  longitude  of  each  pixel  in  the  image  can  be  determined, 
allowing  the  image  to  be  projected  into  the  Sinusoidal  Equal  Area  mapping 
array.  This  process  is  repeated  for  each  frame  to  be  used  in  the  mapping, 
and  each  transformed  frame  is  then  added  to  the  array.  Each 
latitude/ longitude  bin  in  the  completed  sinusoidal  array  contains  a 
brightness  value  from  the  best  available  spacecraft  image  and  a radius  from 
the  geometric  model. 

Figure  2 shows  a photomosaic  of  30  Viking  Orbiter  images  of  Phobos, 
compiled  in  register  with  the  geometric  model.  A three-dimensional 
reprojection  of  the  entire  mosaic  to  any  desired  perspective  can  now  be 
performed  by  the  model— to— image  projection  process  mentioned  above,  using 
spacecraft  vectors  specified  in  terms  of  desired  viewing  geometry  rather 
than  those  constrained  by  an  actual  spacecraft  trajectory  ( figure  3 ) . 

Variations  in  resolution  and  surface  illumination  present  in  the  Viking 
Orbiter  dataset  results  in  inconsistent  portrayal  of  surface  features  in 
the  mosaic.  A shaded  relief  map  was  therefore  made  manually  by  methods 
described  by  Inge  and  Bridges  (1976)  and  Batson  (1978).  The  photomosaic  was 
i^gprl  for  geometric  control,  and  the  entire  Viking  Orbiter  image  dataset  for 
Phobos  was  examined  in  making  the  portrayal.  The  map  was  made  in  Sinusoidal 
Equal  Area  segments  and  digitized  as  a raster  image,  and  the  segments  were 
merged  into  a single  sinusoidal  array  for  consistency  with  the  rest  of  the 
Phobos  database.  Figure  4 shows  one  view  of  the  airbrush  map  after  digital 
reprojection . 
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Figure  1.  Cartographic  coordinates  ($,/!)  of  a control  point  (u)  on  the  surface  of 
Phobos  in  a body-fixed  xyz  system  that  aligns  with  the  principal  axes 
of  Phobos.  The  x axis  is  aligned  with  the  direction  to  Mars  the  z axis 
with  the  spin  axis. 


Figure  2.  Photomosaic  of  Viking  Orbiter  images  of  Phobos  in  the  Sinusoidal 
Equal  Area  projection. 
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Figure  3. 


Perspective  view  of  prelimnary  mosaic  of  Photos,  centered  on  the  Mars 
facing  side. 
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Figure  4.  Perspective  view  of  the  digitized  shaded  relief  map  of  Phobos,  centered 
on  the  Mars-facing  side.  (Airbrush  cartography  by  Patricia  M.  Bridges.) 
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MARS  CONTROL  NETWORK 

Wu,  Francis  J.  Schafer,  Annie  Howi ngton-Kraus, 
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Flagstaff,  Arizona  86001 


and  Jennifer 


A planetwide  control  network  f SbUeMmages  Wu’and 

^er  "ftSE  Relent™  wSicl/will 

be^valuable  for  planetary  studies  and  for 

^3-r  »•«!, 

S ah^ASA  special  p2bl?cat?Sn  that  will  include  coordinates  and  elevations  of 

-sss »;  arias, ts  ssiirars  <„ 

publication  will  be  completed  during  fiscal  year  1990. 
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DISTORTIONS  IN  LUNAR  ORBITER  PHOTOGRAPHS 
Sherman  S.  C.  Mu,  Yeongji  Kim,  Patricia  A.  Garcia 
U.S.  Geological  Survey,  Flagstaff,  Arizona  86001 


and  Annie  Howi ngton-Kraus 


mecha"ical  scanning  and  ground-reconstruction  techniques  severe 

fnr^n^n005  u*1  St  on.Lunar  Orbiter  photographs  that  preclude  their  direct  use 
for  topographic  mapping.  However,  the  broad  coveraoe  of  the  r L 

Orbiter  photographic  distortions.  The  results  indicate  that  nhlt«/,.ir*  • 
quality  can  be  improved  with  mathematical  corre«io”of  t£fd?stf?n™s  ^ 

and 

Our  investigation  involved  the  development  of  a mathematic  model  the 

aPnd°CAenn??9  °l  *Lunar  ?rblter  and  Apoll°  Photographs,  and  sing  L nar  Orbiter 
network]  ph°t0graphs  for  the  establishment  of  a small  segment  of  a co^rol 

After  testing  several  models,  we  adopted  two  fourth-degree,  two-dimensional 
conformal  polynomial  equations:  dimensional 

DX  = Aj  + A2X  + A3Y  + A4(X2  - Y2)  + A5  (2XY)  + Afi  (X3  - 3XY2)  + 

A7  (3X2Y  - Y3)  + Ag  (X4  - 4 X Y3 ) 
and 

DY  = B2  + A3X  + A2Y  - A5  (X2  - Y2)  + A4  (2XY)  - Ay  (X3  - 3XY2)  + 

A6  ( 3 X2 Y - Y3)  - Ag  (X4  - 4XY3) 

th!SMaeqUatl°nS  rr?  app1ied  for  corrections  of  measured  photo  coordinates  fon 
and  loS  photographs. 3 ^i  t h aT'105 

^ ™ Precision  of  15  m can  be  obtained.  Distortions  range  frim  -0  162  to 

model  is about ! o!o60™.  " correction  w1th  th1s  Copied  mathematical 

SrH^r^^’^t^^eh^  neesurfaceSi,s^coveredCbyephotographsAof^the,IfWeCLunar 

Orbiter 

topography  of  X.TK “s Ing^a?  iS^p^X*' * MPP’'n9  ‘ 
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PHOTOGRAMME TR I C MAPPING  OF  ARIEL  USING  VOYAGER  2 IMAGES 

Sherman  S.  C.  Wu  and  Francis  J.  Schafer,  U.S.  Geological  Survey,  Flagstaff, 
Arizona  86001 


Using  five  Voyager  2 images,  we  have  derived  a control  net  consisting  of  70 
control  points  of  Ariel,  one  of  the  major  moons  of  Uranus.  Images  used  for 
the  control  net  were  acquired  using  the  narrow-angle  camera  of  the  Imaging 
Science  System  on  the  Voyager  2 spacecraft  (Smith  et  al.,  1986).  The  camera 
has  a calibrated  focal  length  of  1,503.49  mm  (Davies  et  al . , 1979).  The 
images,  1546U2,  1548U2,  1661U2,  1663U2  and  1667U2,  were  obtained  at  altitudes 
ranging  from  126,723  to  165,281  km.  Each  image  consists  of  800  x 800  image 
elements  with  a pixel  size  of  14  jam  and  bas  a of  202  reseau  marks. 
Calibration  of  reseau  coordinates  has  an  accuracy  of  better  than  2 ym  (Benesh 
and  Jepsen , 1978).  Residuals  of  images  produced  from  the  Optronics  Photowrite 
are  about  3 ym.  Decalibration  processing  was  performed  at  the  U.S.  Geological 
Survey  image-processing  facility  in  Flagstaff  using  reseau  calibration  data. 
For  the  control  network,  coordinate  measurements  were  further  corrected  by  a 
second-degree  polynomial.  Residuals  of  measured  coordinates  were  then  reduced 

to  the  2-ym  level. 

The  control  network  was  derived  by  using  analytical  photogrammetric  methods 
and  the  block  adjustment  computer  program  (GIANT)  that  was  employed  for  the 
planetwide  control  network  of  Mars. 

We  have  also  compiled  a preliminary  topographic  map  of  part  of  Ariel's 
southern  hemisphere  (lat  -30°  to  -90°,  long  270°  to  20°).  It  was  compiled 
from  two  stereomodels,  1663U2  a 1646U2  and  1648U2  a 1661U2,  on  the  analytical 
stereoplotter.  The  map  scale  is  1:3,000,000,  and  the  contour  interval  is 
2 km. 
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A UNIFIED  LUNAR  CONTROL  NETWORK 

Merton  E.  Davies  and  Tim  R.  Colvin,  The  RAND  Corporation,  Santa  Monica,  CA  9040 
Donald  L.  Meyer,  Defense  Mapping  Agency,  Aerospace  Center,  St.  Louis  AFS , MO  63 

This  program  has  been  designed  to  combine  and  transform  many  control 
networks  of  the  Moon  into  a common  center-of-mass  coordinate  system. 

The  first  phase,  dealing  with  the  near  side,  has  been  completed  and 

published  (Davies,  et  al.,  1987).  Coordinates  of  1166  points  on  the 

near  side  of  the  Moon  are  given. 

The  most  accurately  defined  points  on  the  Moon  are  locations  of  the 
laser  ranging  retroref lectors  (Ferrari  et  al.,  1980)  and  the  VLBI 

measurements  of  the  locations  of  the  Apollo  15,  16,  and  17  ALSEP 

stations  (King  et  al.,  1976) . Recent  values  for  the  coordinates  of  the 
retroref lectors  have  been  received  from  Williams  and  Dickey,  1986.  The 
accuracy  of  these  locations  is  about  30  m and  their  locations  are  used 
to  define  the  center-of-mass  and,  hence,  the  origin  of  the  unified  lunar 
coordinate  system.  The  coordinates  of  the  retroref lectors  are  given  in 
both  principal  axis  and  mean  Earth/Polar  axis  systems.  Mean  Earth/Polar 
axis  coordinates  have  been  recommended  by  the  IAU  (Davies  et  al.,  1980) 
for  the  moon.  The  difference  in  the  coordinates  is  important,  more  than 
600  m in  latitude  and  longitude. 

The  Apollo  15,  16,  and  17  ALSEP  stations  have  been  identified  on  Apollo 
panoramic  photography  and  their  locations  transferred  to  Apollo  mapping 
frames.  Thus,  their  coordinates  are  available  in  the  control  network 
computations . 

Three  control  networks  have  been  computed  based  on  the  Apollo  mapping 
pictures.  They  are  the  DMA/A15  system  (Schimerman,  1976),  the  NOS/USGS 
system  (Doyle  et  al.,  1977),  and  the  DMA/603  system  (DMAAC  Contract 
Report,  1981)  . Transformation  parameters  involving  translation, 
rotation,  and  scale  were  derived  to  best  fit  the  control  network 
coordinates  to  the  three  ALSEP  station  coordinates.  The  DMA/ 603 
transformed  system  was  selected  as  the  primary  control  for  the  unified 
network . 

Many  control  networks  have  been  computed  based  on  pictures  of  the  Moon 
taken  through  telescopes;  these  cover  the  Earth-facing  region.  Probably 
the  most  carefully  prepared  network  is  that  published  by  Meyer,  1980. 

This  is  the  one  incorporated  into  the  present  program.  130  points  common 
to  Meyer's  and  the  Apollo  networks  were  selected  and  transformation 
parameters  computed  to  shift  Meyer's  coordinates  to  the  transformed 
Apollo  network.  The  RMS  of  the  residuals  of  this  transformation  is  808  m. 

The  mean  shift  of  the  coordinates  was  1352  m,  with  a maximum  of  2336  m 
and  a minimum  of  803  m. 

The  Mariner  10  control  network  has  been  tied  to  this  system  through 
common  points  and  the  coordinates  of  ten  points  in  the  north  polar 
region  have  been  computed.  Our  report  contains  coordinates  of  130 
Apollo  points,  1026  telescopic  points,  and  ten  Mariner  10  points. 
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At  this  time,  the  only  control  network  of  the  far  side  of  the  Moon  was 
published  by  the  DMAAC  in  April  1975  ( Positional  Reference  System 
(PRS) ) . It  is  based  on  Lunar  Orbiter  pictures. 

The  Apollo  control  network  contains  1287  pictures  and  12305  points. 
These  points  are  either  pug  holes  or  very  small  craters  identified  on 
the  single  set  of  transparencies  that  were  measured.  There  is  no  way  to 
communicate  the  exact  location  of  these  points  to  another  system.. 
Selected  points  from  the  near  side  telescopic  network  were  measured  and 
coordinates  computed.  These  are  the  ones  used  in  the  transformation  of 
the  telescopic  network  onto  the  center-of-mass  Apollo  network.  Because 
the  distribution  of  points  in  the  PRS  system  is  good  and  their  locations 
are  illustrated  in  the  PRS  report,  we  have  decided  to  use  the  same  set 
of  points  in  our  work. 

The  next  task  in  this  project  was  to  identify  the  PRS  points  on  the 
Apollo  pictures  and  compute  unified  coordinates  for  them.  This  work  is 
now  almost  completed.  These  new  points  are  on  the  far  side  of  the  Moon. 
The  next  step  will  be  to  add  a few  Apollo  16  trans-Earth  pictures  to  the 

data  set . 
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THE  CONTROL  NETWORK  OF  MARS:  FEBRUARY  1989 

Merton  E.  Davies,  The  RAND  Corporation,  Santa  Monica,  CA  90406-2138 

The  modern  control  network  of  Mars  was  begun  in  1970,  based  on  pictures 
taken  by  the  Mariner  6 and  7 spacecraft.  Pictures  taken  by  Mariner  9 
permitted  the  control  network  to  be  expanded  to  encompass  almost  the 
entire  planet.  The  small  crater  Airy-0  was  selected  to  define  the  prime 
meridian  on  Mars;  thus  the  longitudes  of  all  points  are  measured 
relative  to  Airy-O.  Error  associated  with  the  coordinates  of  points  was 
about  10  km. 

The  Viking  pictures  were  a dramatic  improvement  over  the  Mariner  9 
pictures  and  resulted  in  important  changes  to  the  control  network.  The 
Viking  lander  radio  science  team  was  able  to  accurately  measure  the 
direction  of  the  spin  axis  and  the  coordinates  of  the  two  lander  sites. 
(Michael,  1979)  . The  Viking  1 lander  site  was  identified  on  a high- 
resolution  picture  taken  by  the  orbiting  spacecraft  (Morris  and  Jones, 
1980)  . The  Viking  2 lander  site  has  never  been  located  on  orbiter 
pictures.  Because  the  Viking  1 lander  site  coordinates  could  be 
transferred  to  orbiter  pictures  and  because  many  high-resolution 
pictures  were  taken  over  the  entire  region,  the  coordinates  of  points  in 
this  area  are  known  with  considerable  accuracy.  High-resolution 
pictures  of  Airy-0  were  added  to  the  control  network,  and  many  strips  of 
pictures  were  run  between  Airy-0  and  the  Viking  1 lander  site  to  improve 
the  measurements  of  longitude  throughout  the  network. 

The  1:2,000,000  map  series  consists  of  mosaics  of  pictures  with  a pixel 
size  of  about  250  m.  Pictures  identified  on  these  maps  have  been  used 
to  form  high-resolution  strips.  Strips  were  first  run  from  Airy-0  to  the 
Viking  1 lander  and  then  from  Airy-0  north  along  0°  longitude  to  60° 
latitude.  A strip  was  run  from  this  point  to  the  Viking  1 lander, 
forming  a large  triangle.  A strip  was  run  from  the  Viking  1 lander 
south  to  the  equator  and  another  around  the  planet  at  the  equator  and 
again  at  60°  north  latitude.  These  latitude  strips  were  tied  by  strips 
at  longitudes  90°,  180°,  and  270°.  At  0°  longitude,  the  strip  continues 
south  from  Airy-0  to  60°  south  latitude,  and  a strip  at  60°  south 
latitude  encircles  the  planet.  Strips  at  90°,  180°,  and  270  longitude 
now  tie  the  60°  south  latitude  strip  to  the  equatorial  strip. 

High  resolution  pictures  452B05-15  (7-9  m pixels)  cover  the  Viking  1 
lander  site.  Stereographic  pictures  27A27-41,  27A55-71  (38-45  m pixels) 
and  20A44-53,  20A66-75  (45-53  m pixels)  also  cover  this  region.  Because 
these  pictures  are  tied  to  the  Viking  1 lander  site,  the  coordinates  of 
control  points  in  this  area  should  be  accurate  to  100  m.  Along  the 
strips,  the  coordinates  of  points  should  be  from  2 to  5 km. 
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The  status  of  the  control  network  calculations  is  summarized  as  follows: 
Number  of  points 9178 

Number  of  pictures 2433  (1054  M9,  1379  Viking) 

Observation  equations 61,350 

Normal  equations 25,  655 

Overdetermination 2.39 

Standard  error  (|im) 14.13 

All  computations  are  now  performed  in  J2000  coordinates. 
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THE  CONTROL  NETWORKS  OF  THE  SATELLITES  OF  JUPITER  AND  SATURN 

Merton  E.  Davies,  The  RAND  Corporation,  Santa  Monica,  CA  90406-2138 

The  control  networks  of  the  Galilean  satellites  continue  to  improve  as 
measurement  errors  and  misident if ications  are  corrected.  The 

ellipsoidal  shape  of  Io  determined  by  Gaskell  et  al.,  1988  has  been 
adopted.  A summary  of  the  computations  follows: 

STATUS  OF  THE  CONTROL  NETWORKS  OF  THE  GALILEAN  SATELLITES 


Io 

Europa 

Ganymede 

Callisto 

Points 

712 

179 

1,884 

818 

Pictures 

252 

120 

302 

286 

Measurements 

12,356 

3,848 

25, 780 

15,782 

Normal  equations 

2,184 

718 

4,  674 

2,  494 

Overdeterminat ion 

5 . 66 

5.36 

5.52 

6.33 

Standard  error,  |lm 

11.02 

9.93 

10.50 

11 . 4 

The  three  radii  of  Io  are  1830.0  km,  1818.7  km,  and  1815.3  km; 
computations  using  the  mean  radius  of  1821.3  km  have  also  been  made  to 
generate  picture  parameters  convenient  for  making  computer  mosaics  and  map 
projections.  The  mean  radius  of  Europa  is  1565  km,  of  Ganymede  is 
2634  km,  and  of  Callisto  is  2403  km. 

The  control  networks  of  the  satellites  of  Saturn  have  also  been  improved. 
The  ellipsoidal  radii  of  Mimas  (210.3  km,  197.4  km,  and  192.6  km)  were 
derived  by  Dermott  and  Thomas,  1988,  and  those  of  Enceladus  (256.2  km, 
247.3  km,  and  244.0  km)  were  measured  by  Peter  Thomas  (personal 
communication).  A summary  of  the  computations  follows: 

STATUS  OF  THE  CONTROL  NETWORKS  OF  THE  SATELLITES  OF  SATURN 


Mimas 

Enceladus 

Tethys 

Dione 

Rhea 

Iapetus 

Points 

109 

111 

110 

126 

331 

62 

Pictures 

32 

22 

27 

28 

85 

80 

Measurements 

1344 

1340 

924 

1322 

4902 

1872 

Normal  Equations 

318 

292 

301 

336 

917 

364 

Overdetermination 

4.23 

4.59 

3.07 

3.93 

5.35 

5.14 

Standard  Error,  (lm 

12.67 

12.62 

10.67 

10.05 

11.21 

11.32 

Mean  Radius,  km 

198.8 

249.1 

523 

560 

764 

718 
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As  with  Io,  computations  for  Mimas  and  Enceladus  have  been  made  assuming 
their  mean  radii  to  generate  picture  parameters. 

A report  on  the  control  network  of  Phoebe  has  been  written  by  T.  R.  Colvin, 

M.  E.  Davies  and  P.  G.  Rogers  and  submitted  to  Nature  for  publication. 

The  north  pole  of  Phoebe  was  calculated  to  be  aQ  = 355.0  ±9.6°,  8n  = 68.7°  ±7.9° 
in  J2000  coordinates. 
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CHAPTER  13 


SPECIAL  PROGRAMS 


IMAGE  RETRIEVAL  AND  PROCESSING  SYSTEM  (IRPS)  FOR  THE  REGIONAL 

" Toufnn^s™!.  M.  Dale  Bannister.  R.  E.  Arvidson.  McDonnell 
CenLr  Z the  Spiv  Sciences.  Department  of  Earth  and  Planetary  Sctences. 
Washington  University,  St.  Louis.  Missouii.  63 


130 


This  abstract  is  a progress  report  on  the  Image  Retrieval ' a"d 

software  being  developed  bv  Washington  Univeisily.  IRPS  p . . % 

software  used  is  the  Planetary  Image  Cartogiaphy  System  (PICS)  cte  p y 
S.  Geological  Survey  in  Flagstaff. 

IRPS  is  implemented  on  a MicroVAX  II  computer  using  a col^^ia|  data  base 

l.AE-  a ™f"U  tap  is  a so  used  bv  PICS  IRPS  includes  access  to  an  .mage  browse 
capability,  currently  implemented  with  an  analog  videod^sk  ^ayer^  w^ich^ll<y^^  e 

image  data  become  available  in  that  format. 

The  IRPS  database  contains  information  on  two  levels,  called  the  high  level  and 

missions,  spacecraft,  and  data  products,  along  w,lh  viking! 

Purrentlv  the  high-level  catalog  contains  data  on  the  following  missions.  & 

Voyager,  the  Mariner  missions.  The  Apollo  missions,  and  the  Lunai  i 1 er  missio 

The  detailed-level  catalog  contains  data  about  individual  planetary  images 
Sently  ?he  detailed-level  catalog  mcludes  data  lor  , he 

Slog  includes  da, a for  the  Miscellaneous  Invest, gaitons  map  senes  (the  l-sei.es  ) 
published  by  the  U.  S.  Geological  Survey. 
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IRPS  Version  1.0  incorporates  several  changes  from  the  prototype  version  that  has 
tbnee"  fuf  at  thL;  Washington  University  RP1F.  The  user  interface  has  been  modified 
to  i effect  a moie  logical  way  of  entering  parameters,  and  the  forms  used  to  display  data 
have  been  modified.  New  functions  have  been  added:  the  user  may  now  undo  a search 
if  the  results  weie  unsatisfactory,  and  may  display  (and  store  in  a file)  a list  of  the 
commands  previously  entered.  An  important  change  in  IRPS  Version  I 0 is  the 
implementation  of  "user  views"  to  guide  the  user's  access  to  the  data,  thus  relieving 

ipdq° ■ hC  nCed  t0  nnde!‘S/and  exactly  how  thc  data  are  storeci.  With  this  modification 
1KPS  is  now  more  flexible  and  can  provide  more  information  with  less  work  on  the 
user  s part. 

At  the  design  level,  the  IRPS  data  base  schema  has  been  reorganized  for  more 
efficient  storage  and  ease  of  update.  The  code  has  been  redesigned  to  make  better  use 
of  the  progiamming  capabilities  provided  in  System  1032.  Functions  have  been 
provided  to  allow  the  data  administrator  to  add  and  modify  data  and  to  maintain  the 
data  base  schema  and  data  dictionary. 
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VIKINP  ORRTTFR  image  cdrom  production 

y i r^nne  s S Slavnev  and  R.  E.  Amdson.  McDonnell  Center  for  the  Space 
Icience?  Department  of  Earth  and  Planetary  Sciences.  Washington  Untversny,  St. 
Louis.  Missouri  63130 

ThP  nlanetirv  science  community's  need  to  access  image  data  from  the  Viking 

images.  Cunt  t y,  _ M ()f  1 988.  an  informal  group  of  planetary 

SSSS  ancTpeople  invoWed  w ith  the  oSk  MageUan.  and  MarsWer  promts 
m^in  Flagstaff  Arizona  to  discuss  the  use  of  CDROMs  tor 

Viking  ngcSROMs^e  °aPn  idffm^d  of  widely  and 

less  bulky,  and  faster  to  read  than  magnetic  tapes. 

We  have  developed  a plan  to  transfer  the  Viking  Orbiter  images  from  m&gnetic 

baSTo  JPL  for  pre-mastering  and  delivery  to  a vendor  for  master, ng  and  replication. 

The  roles  and  responsibilities  for  the  three  groups  involved  in  this  project  are  as 

5rsKS2S^afa-aa= 

provide  most  of  the  data  compression  and  ass, related  software.  The  fundtng  for  the 
Viking  CDROM  project  is  shared  by  the  PDS  and  Code  EL. 

Work  on  the  project  began  at  the  beginning  ot  1989.  The  S^luSon 
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these  data  are  presently  available  at  Washington  Universif 
software  should  be  ready  for  operation  hv  Mav.  1989.  It 
production  rate  will  be  such  that  one  CDROM  worth  of 
month. 


'•  We  expected  that  the 
is  also  expected  that  the 
data  will  processed  each 
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MARS  SAMPLE  RETURN:  A GENERAL  PHILOSOPHY  FOR  SITE  SELECTION  ofinni 

David  H.  Scott,  U.S.  Geol.  Survey,  2255  N.  Gemini  Dr.,  Flagstaff,  AZ  86001 

INTRODUCTION:  The  global  distribution  and  rel ati ye  ages^of Jbout^rock^ 

77n ifc  chnwn  on  the  new  geologic  naps  of  Mars  (1).  Although  the  naps  wer 
, , i iic  n(ii]  ooo  scale  the  geologic  units  were  identified  and  mapped 

KS  5ima  es  and  iolomosafes  a?  1:2,000,000  scale  (image  resolution 

Of  130  to  300  n per  picture  element).  The  stratigraphic  positions  of  these 
units  were  established  by  superposition  and  crosscutting  relations  and 
suDoorted  by  crater  counts.  The  new  geologic  maps  provide  information  on  the 
relative  t^mes  of  occurrence  of  tectonic  and  volcanic  episodes  formation  of 
outflow  channels  and  valley  drainage  systems,  and  iWj»ct-flux  changes  within 
and  between  the  Martian  time-stratigraphic  systems.  Of  particular  ijteres 
exobiologists  are  the  inferences  that  can  be  made  from  the  maps  about  the 
locations  of  large  standing  bodies  of  water  that  once  may  have  existed. 

Without  ground  truth,  however,  the  ultimate  value  of  planetary  geologic  maps 

OPTIMUM1 SAMPLE  0BJECTI VES--Ideal ly , a sample  site  would  be  free  of  surface  ^ 
obstacles  and  at  an  elevation  low  enough  to  permit  atmospheric  braking  for  the 
descent  of  the  landing  craft.  A suite  of  rocks,  insitu,  and  soil  would  be 
readily  accessible  to  the  sampling  vehicle.  The  rocks  would  have  a wlde  range 
in  aqe  lithology,  composition,  and  mode  of  origin;  they  would  be  correlative 
with  major  geologic  units  mapped  in  the  Martian  tine-stratigraphic  systems. 

Some  of  the  sampled  materials  would  be  associated  with  important  volcano- 
tectonic  episodes  and  magmatic  histories,  others  with  fluvial,  eoHan,  < and 
polar  processes  that  are  indicators  of  climatic  and  atmospheric  hi sto  y. 
ideal  site  would  also  be  located  where  evidence  of  present  or  former 
bioloqical  activity  would  most  likely  be  found.  , 

FEASIBLE  SAMPLE  0BJECTI VES--With  our  present  knowledge  of  Mars  geology,  we 
have  found  no  single  locality  where  such  optimum  conditions  exist.  On  the 
other  hand,  many  areas  are  known  where  rock  samples  might  resolve  specific 
problem-oriented  questions  such  as  the  following:  the  age  and  ^entificatio 

of  possible  ash  flows  (2);  the  times  of  occurrence  of  different  fluvial 
periods  (3,4,5);  the  nature  and  origin  of  valley  layered  deposits  where 
evidence  of  early  biological  processes  may  exist  (6,7);  the  processes  that 
shaped  the  early  history  of  Mars,  determined  in  part  from  soil  samples  that 
also  may  contain  residual  organic  matter  (8,9);  the  composition  of  early 
volatiles  preserved  in  the  impact  breccias  of  old  craters  (10);  primary 
volatiles  within  glass  inclusions  of  volcanic  rocks  11);  and  the  erosion  and 
deposition  rates  within  the  polar  layered  deposits  (12). 

Most  of  these  questions,  though  important,  are  narrow  in  focus  and  would 
leave  untouched  the  broader  aspects  of  Martian  geology  and  evolutionary 
history.  However,  there  are  many  locations  on  Mars  where  some  of  these 
questions  would  constitute  secondary  objectives,  whicn  would  be  resolved  by 
study  of  samples  from  a primary  objective  site  of  impact  breccias,  eolian  and 
weathering3 products , cosmogenic  nuclides,  inclusions  within  volcanic  rock,  and 

RATIONALE3 F0RS PR  I OR  I T y3  OBJ  ECT I VES — P ri ma  ry  objectives  of  the  first  sample- 
re  turn  mission  to  Mar's  must  include  certain  elements  of  the  ideal  site, 
whether  the  location  objectives  be  single  or  compound.  At  a single-objective 
location,  only  oL  rock/soil  unit  would  be  sampled  and  little  or  no  mobility 
in  the  sampling  operation  would  be  required.  At  a compound-objective 
location,  a variety  of  questions  would  be  addressed  by  obtaining  samples  o 
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different  rock  types,  origins,  and  ages  (13).  Compound  sites  require  a rovinq 
vehicle  whose  range  would  depend  on  the  location  selected. 

Single-Site  Essential  Elements--A  volcanic  flow  with  exposed  rocks  in 
place  or  clearly  derived  from  nearby  outcrops.  The  flow  should  be  of  regional 
extent,  intermediate  in  geologic  age  (Hesperian),  at  a low  elevation,  and  it 
should  have  a statistically  valid  crater-count  record.  Constraints  on  terrain 
roughness  would  be  minimal,  but  the  area  within  the  target  ellipse  should  be 
hazard  free. 

Geologic  maps  (1)  show  a good  correspondence  between  Martian  time- 
stratigraphy  and  crater-frequency  distribution.  However,  without  radiometric 
ages,  absolute  chronologic  correlations  are  unknown.  Thus,  Hesperian-age 
samples  are  especially  important  because  their  absolute  age  would  closely 
define  the  bend  in  the  cratering  chronology  curve  (14).  This  bend  occurs 
where  the  high  post-accreti onal  impact  flux  changes  to  a nearly  constant 
rate.  Hesperian  samples  are  also  desirable  because  their  time  of  emplacement 
closely  corresponds  with  that  of  major  geologic  events--the  onset  of  volcanism 
at  Tharsis  Montes,  the  development  of  huge  outflow  channels,  the  rifting  that 
produced  Valles  Marineris,  the  rapid  decline  in  tectonic  activity,  and  the 
emplacement  of  extensive  rock  units  within  the  northern  plains. 

Compound-Site  Essential  Elements--Similar  to  those  of  a single-objective 
site  except  that  terrain  roughness  constraints  would  affect  rover  mobility. 

If  the  selected  location  affords  rover  access  to  two  volcanic  areas,  one 
should  be  of  Hesperian  age  for  the  reasons  cited  above;  the  second  should 
contain  very  young  lava  flows,  preferably  of  late  Amazonian  age  such  as  an 
upper  member  of  the  Tharsis  Montes  Formation  or  the  plains  or  shield  members 
of  the  Olympus  Mons  Formation.  Radiometric  ages  of  these  rocks  would  control 
the  rate  of  descent  of  the  cratering  chronology  curve  during  the  period  of  low 
impact  flux,  show  mi neral ogical  differences  between  relatively  old  and  young 
lavas,  directly  or  indirectly  provide  upper  limits  on  the  age  of  outflow 
channels,  and  bracket  the  age  of  geologic  units  that  cover  parts  of  the 
lowland  plains. 

In  some  areas,  a third  stratigraphic  unit  could  be  sampled  in  conjunction 
with  units  of  a two-sample  site.  Choices  for  additional  sampling  could  be 
made  among  very  old  (Noachian)  rocks  and  materials  whose  age  and  composition 
might  solve  perplexing  geologic  problems,  i.e.,  the  age  and  composition  of 
vast  sheets  of  material  that  may  be  ignimbrites  (15),  the  age,  composition, 
and  origin  of  Olympus  Mons  aureoles  (16),  and  the  age  and  composition  of 
material  forming  highly  fractured  terrains. 

References  *denotes  abstracts  from  Mars  Sample  Return  Science  Workshop,  LPI 
1987,  Houston,  Texas. 

(I)  Scott,  D.H.  and  Tanaka,  K.L.  (1986),  Greeley,  R.  and  Guest,  J.E.  (1987), 

Tanaka,  K.L.  and  Scott,  D.H.  (1987),  U.S.  Geological  Survey  Misc.  Inv.  Series 
Maps  1-1802  A,B,C.  (2)  Scott,  D.H.  and  Tanaka,  K.L.  (1982)  JGR , v.  87,  1179- 
1180.  (3)  Masursky,  H.  et  al.  (1987)*  89-90.  (4)  Scott,  D.H.  (1987)*  120- 

121.  (5)  Squyres , S.W.  (1987)*  129-130.  (6)  Lucchitta,  B.K.  (1987)*  83-84. 

(7)  Klein,  H.P.  (1987)*  71-72.  (8)  Stoker,  C.R.  et  al.  (1987)*  132.  (9) 

Pang,  K.D.  and  Fun-Dow  Tsay  (1987)*  108-109.  (10)  Bogard,  D.  (1987)*  17-18 

(II)  Anderson,  A.T.  (1987)*  8.  (12)  Paige,  D.A.  and  Krieger,  D.B.  (1987)* 

106-107.  (13)  Al bee,  A.L . (1987)*  4-5.  (14)  Neukum,  G.  (1987)*  98-99.  (15) 

Scott,  D.H.  and  Tanaka,  K.L.  (1982)  JGR,  v.  87,  1179-1180.  (16)  Morris  E.C. 

(work  in  progress). 
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THE  GALILEAN  SATELLITE  GEOLOGICAL  MAPPING  PROGRAM,  1988 

B.  K.  Lucchitta,  U.S.  Geological  Survey,  Flagstaff,  Arizona  86001 


The  Galilean  Satellite  Geological  Mapping  Program  was  established  by  the 
Planetary  Geology  Programs  Office  of  NASA  to  illuminate  detailed  geologic 
relations  on  the  four  large  satellites  of  Jupiter:  Io,  Ganymede,  Europa,  and 

Callisto.  The  program  is  administered  by  the  U.S.  Geological  Survey,  and  it- 
involves  about  40  investigators  from  various  universities,  research 
institutes,  and  government  offices  in  the  United  States,  England,  Germany,  and 
Italy.  A total  of  24  researchers  were  assigned  to  map  15  quadrangles  on 
Ganymede,  15  to  map  6 quadrangles  on  Io,  and  3 to  map  2 quadrangles  on 
Europa.  The  maps  are  at  a scale  of  1:5  million  except  for  three  on  Io  that 
cover  selected  areas  where  high-resolution  pictures  permit  compilation  at 
scales  of  1:2  million  and  1:1  million.  A 1:15  million-scale  map  of  Callisto 
has  been  assigned;  it  will  be  the  basis  for  later  geologic  mapping  at  a scale 
of  1:5  million. 


During  1988  all  final  base  materials  were  distributed.  Three  geologic 
maps  are  now  published  (the  Io  maps  Maasaw  Patera,  Ra  Patera,  and  the  Ganymede 
map  Uruk  Sulcus).  One  other  Io  map  (Ruwa  Patera)  and  one  Ganymede  map  (Philus 
Sulcus)  are  in  proof  stage  and  publication  is  imminent.  Eight  maps  are  in 
various  stages  of  review  and  editing:  J i 4 has  USGS  Director  s Approval ; Ji3, 

jq3  jq7  and  Jg9  are  undergoing  author's  revision  after  technical  reviews; 
and  Je4,  JglO,  and  Jgl5  are  in  technical  review.  Mapping  is  still  in  progress 
for  Je2,  Ji 2b,  Jgl,  Jg5,  Jgl2,  and  Jgl3.  Summary  maps  for  Io  and  Ganymede  at 
1:15  million  scale,  i ncorporati ng  the  data  from  the  larger  scale  maps,  are  in 


progress. 
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PLANETARY  GEOLOGY  AND  GEOPHYSICS  PROGRAM:  A SUMMARY,  FY  88 
James  R.  Underwood,  Jr.,  Code  EL,  NASA  Headquarters, 
Washington,  D.  C.  20546 


The  Planetary  Geology  and  Geophysics  (PG&G)  budget  for  FY  88  was 
$10 * 500k,  ^ further  decline  in  a support  level  that  has  decreas— 
ed  30  percent  since  FY  84,  when  the  PG&G  budget  was  approximate- 
ly $15, 000k  (Fig.  l).  Intense  pressure  was  felt  throughout  the 
program  in  FY  88,  especially  in  graduate  student  support  and  in 
equipment  maintenance  and  upgrade. 

The  distribution  of  PG&G  funding  by  organization  is  shown  in 
Figure  2 and  the  distribution  of  PG&G  Principal  Investigators  by 
organization  is  shown  in  Figure  3.  A histogram  of  FY  88  funding 
by  project  is  shown  in  Figure  4,  in  which  the  median  PG&G  proj- 
ect funding  level  is  shown  to  be  $30k-$40k. 


Nine  new  Principal  Investigators,  whose  proposals  were  ranked 
highly  by  the  Lunar  and  Planetary  Geoscience  Review  Panel 
meeting  at  the  Lunar  and  Planetary  Institute  in  late  September 
were  included  in  the  FY  88  program;  their  start-up  fundinq 
levels  averaged  $2 3k. 

The  current  Mars  data  analysis  program  — Mars,  Evolution  of 
Tectonism  and  Volcanism  (MEVTV)  - held  a workshop  on  Nature  and 
Composition  of  Surface  Units  on  Mars  at  Napa,  California, 
December  1987.  A special  symposium  was  held  at  the  spring  1988 
meeting  of  the  American  Geophysical  Union  on  the  origin  of  the 
crustal  dichotomy  of  Mars,  and  a field  workshop  on  basaltic 
volcanism  was  held  in  Hawaii  in  June. 

A second  workshop  on  planetary  spectroscopy  was  convened  at 
Bodega  Bay,  California  in  April,  1988,  to  identify  the  potential 
applications . of  the  techniques  of  planetary  spectroscopy  in 
planetary  science,  to  update  the  descriptive  material  in  the 
report  of  a 1986  workshop,  and  to  assess  the  state  of  the  field. 

The  1988  Lunar  and  Planetary  Geoscience  Review  Panel  (LPGRP) 
evaluated  366  proposals,  and  in  so  doing  resolved  to  restructure 
the  groups  of  the  panel  to  distribute  the  workload  more  evenly. 
Six  groups  now  constitute  the  panel:  Group  A:  Mineralogy  and 
petrology  of  meteorites/lunar  samples/cosmic  dust;  Petrology  of 
ancient  terrestrial  crust  and  mantle;  Petrologically  oriented 
field  studies.  Group  B:  Analytical  geochemistry  and  cosmo- 
chemistry;  Experimental  petrology  and  geochemistry.  Group  C: 
Isotope  (radiogenic/stable/cosmogenic)  geochemistry;  Geochrono- 
logy of  meteorites/lunar  samples/terrestrial  rocks.  Group  D: 
Planetary  surface  geology;  Terrestrial  structure/ tectonics/-* 
cratering  studies.  Group  E:  Remote  sensing  of  planets/ 
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asteroids ; Laboratory  spectral f s^dtef  of  prSltlvf  bodies 
materials/analogs;  Non-dynamical  studies  of  pr  . 

(comets/rings/asteroids)  SE2ME  £•  £eIsu?es. 

dynamical  studies;  experiments  at  very  nigx  y 

The  Mars  Geologic  Mapping  (HGK)  1 ^that'icaJe'ofaSa^of 
continued  the  support  of  mapp  g uses  Qf  those  studies 

unusual  scientific  interest.  One  Rover,  Sample  Return 

will  be  to  provide  .“legion  of  traverses  and 

SSSSiSS.*"^^  eigi*  p~pi« «« active  in  the 

MGM  program. 

The  PG&G  Working  Group  met  twice  during  FY  ^^^e^nnual1  in 

conjunction  with  the  D^sl°£  in  conjunction  with  Lunar 

meeting  in  Pasadena  and  in  the  spring  ^ ^n^u  up  pro- 

and  Planetary  Science  Conference  XIX^  The  £>^.9.9^  and  espe_ 

rially^rprovIdJs^  perspective  on  future  PGSG  needs,  opportu- 
nities and  challenges. 

Despite  the  hardships  imposed  by  ^^®^a^keirnvigorous  attack 
scientists  in  the  PG&G  program  °°^inued  their  results  of 

on  problems  in  planetary  scien  United  States  and 

their  research  at  numerous  “J^^f^^^inVe  to  make  major 

contributions" through  SS/SiSic.  on  a wide  variety  of  adviso- 
ry groups,  working  groups,  and  review  panels. 
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FY  88  FUNDING  - LEVEL  DISTRIBUTION 
PLANETARY  GEOLOGY  & GEOPHYSICS 
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Figure  4 
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AN  INFRARED  REFLECTANCE  STUDY  OF  LOW  ALBEDO  SURFACE  CONSTITUENTS. 

Larry  A.  Lebofsky  and  Thomas  D.  Jones,  Lunar  and  Planetary  Laboratory, 
University  of  Arizona. 

Unaltered  asteroids  are  thought  to  represent  the  raw  materials  available 
for  terrestrial  planet  formation  and  so  are  important  to  our  understanding 
of  the  origin  and  evolution  of  the  Solar  System.  It  has  been  shown  [1]  that 
the  asteroid  compositional  types  vary  systematically  with  heliocentric 
distance  and  that  the  asteroids  probably  formed  very  close  to  their  present 
locations  in  the  asteroid  belt.  From  their  inferred  compostion  Gradie  and 
Tedesco  [1]  also  concluded  that  the  outer  belt  and  Trojan  asteroids  were 
probably  more  "primitive''  than  the  C-class  asteroids  which  dominate  the 
main  belt.  This  interpretation  was  consistent  with  earlier  studies  of 
asteroid  analogs  that  concluded  that  the  low  albedo  D-class  asteroids  were 
probably  "ultraprimitive''  in  composition,  i.e.f  composed  largely  of 
hydrated  silicates  and  organic  material. 

In  order  to  understand  the  compositional  distribution  of  asteroids,  we 
rely  upon  theories  of  the  origin  and  evolution  of  the  solar  system  and  on 
telescopic  observations  of  the  asteroids.  In  the  latter  case,  we  must  depend 
heavily  on  the  taxonomic  classification  of  asteroids  and  their  implied 
relationship  to  meteorites  [1,2,3].  Unfortunately,  the  taxonomic  classes  are 
determined  solely  from  observed  parameters  and  do  not  in  and  of  themselves 
involve  any  compositional  determination.  For  example,  can  we  assume  that  a 
D-class  asteroid  in  the  middle  of  the  main  belt  at  2.9  AU  is  compositionally 
similar  to  a Trojan  asteroid  at  5 . 2 AU? 

Our  major  emphasis  over  the  last  few  years  has  been  on  the  determination 
of  the  composition  of  low  albedo  asteroids.  These  asteroids  have  been  assumed 
to  be  unaltered  and  are  thought  by  some  to  represent  the  raw  materials  from 
which  terrestrial  planets  formed  and  so  are  important  to  our  understanding 
of  the  origin  and  evolution  of  the  Solar  System. 

There  now  exists  a body  of  data  at  much  higher  resolution  and  over  a 
greater  spectral  range  (out  to  2.5  microns)  [4]  . Also,  we  now  have  1-  to 
4-micron  observations  of  over  40  low  albedo  asteroids  [5,6]  . These 
observations  span  all  low-albedo  taxonomic  classes  (C,  D,  F,  G,  P , and  T)  . 
Several  (e.g.,  the  C asteroids)  of  these  classes  appear  to  be  spectrally 
analogous  to  chemically  primitive,  volatile-rich  carbonaceous  meteorites  (see 
Fig.  1).  Others  (e.g.,  the  D asteroids)  appear  to  be  compositionally 
'ultraprimitive'  and  thus  are  presumed  to  be  more  volatile  - rich  than  the 
mainbelt  C asteroids.  Therefore,  it  had  been  presumed  that  these  outer  belt 
and  Trojan  asteroids  should  show  a larger  volatile  content  (i.e.,  hydrated 
silicates  and  organics)  than  the  Cs . However,  from  our  recent  observations, 
we  find  that  most  of  them  do  not  show  the  spectral  signature  of  hydrated 
silicates  (see  Fig.  2). 

This  is  consistent  with  the  scenario  that  in  the  outer  part  of  the 
asteroid  belt  the  kinetics  of  the  nebula-solid  reactions  were  too  slow  for 
chemical  equilibrium  to  be  attained.  Under  these  conditions,  all  the 
asteroid  belt  started  out  as  a mixture  of  ice  and  anhydrous  rock.  Asteroids 
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in  the  inner  part  of  the  belt  may  have  undergone  moderate  heating,  resulting 
in  the  melting  of  some  of  this  ice  and  subsequent  aqueous  alteration;  those 
in  the  outer  belt  were  not  so  heated,  and  instead  lost  their  water  to  gradual 
sublimation  over  the  age  of  the  solar  system. 
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LOW  ALBEDO  ASTEROIDS 
Lebofskv,  L.  A.  and  Jones*  T.  D. 


G-ondC-  CLASS  ASTEROIDS 


r-  ond  T-CLASS  ASTEROIDS 


Fig.  1:  Relative  reflectance  spectra  (1.0 
to  3.5  n m)  of  low  albedo  asteroids,  most 
of  which  show  the  3-//m  feature  indicative 
of  water  of  hydration. 


F-  ond  P-  CLASS  ASTEROIDS 


Fig  2:  Relative  reflectance  spectra  of  low 
albedo  asteroids  none  of  which  show  the 
3-/im  feature  indicative  of  water  of  hydra- 
tion. 
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On  The  Origin  and  Aging  of  Comets 
Fred  L.  Whipple,  Smithsonian  Astrophysical  Observatory 


The  enormous  progress  of  recent  years  attained  in  measuring  the  composition  and  other  physical 
properties  of  cometary  nuclei  now  provides  some  hopes  of  solving  problems  of  cometary  genesis  and 
geriatrics  allowing  for  effects  induced  by  varied  environments  and  intrinsically  by  dimensions.  Currently 
there  are  theoretical  arguments  that  the  Oort  Cloud  (consisting  of  very  long-period  comets)  may  not  be 
the  source  from  which  short-period  comets  develop.  It  is  vital  in  studies  of  cometary  origins  to  determine 
whether  there  are  intrinsic  physical  differences  among  short-period  comets  not  induced  by  age,  original 
size  or  environment.  Among  the  long-period  comets  there  may  also  be  intrinsic  differences  dependent 
upon  their  place  of  origin.  Thus  a study  of  these  possibilities  is  essential  to  improved  understanding 
of  cometary  origins,  their  basic  nature  (or  natures)  and  their  role  in  the  evolution  of  the  solar  system, 
particularly  of  the  Earth. 

The  evidence  from  the  Giotto  space  mission  to  P/Halley  indicates  strongly  that  the  discrete  nucleus 
is  made  of  a large  number  of  smaller  “cometesimals”  probably  the  order  of  a kilometer  or  so  in  size  and 
smaller.  Their  densities  are  probably  below  1 g cirr3  and  their  variable  infall  velocity  was  probably 
a few  tens  of  meters  per  second.  The  result  is  a conglomerate  of  low-temperature  cometesimal  nuclei, 
essential  unchanged  from  their  origin,  nestled  within  a “matrix”  of  crushed  material,  (ice  grains  of 
CHON,  minerals  and  mixtures  of  the  two)  probably  somewhat  less  volatile  than  the  small  nuclei. 

During  the  passage  of  some  4.5  x 109  years,  the  central  region  of  the  largest  comets  (>~  30  - 50  km 
in  dia.)  probably  were  heated  enough  by  radioactivity  to  move  the  most  volatile  ices  to  outer  volumes  of 
the  nuclei  and  leave  cores  consisting  largely  of  H20  ice  and  mineral  grains.  For  some  comets  the  outer 
portions,  before  the  comets  were  brought  near  the  Sun,  were  subjected  to  cosmic-ray  bombardment, 
increasing  their  volatility  and  activity  at  relatively  great  distances  from  the  Sun  (C/Kohoutek,  1973 
XII,  for  example).  Other  received  considerable  heat  from  supernovae  and  young  massive  stars  that  left 
them  with  outer  mantles  of  less  active  grains  that  may  be  blown  off  on  approaching  the  Sun  (C/Bowell, 
1982  II,  for  example). 

After  the  comets  are  captured  into  short-period  orbits  about  the  Sun,  the  normal  aging  processes  of 
sublimation  and  heat  transfer  cover  the  nuclei  with  insulating  mantles  of  mineral  grains,  so  that  activity 
is  limited  to  small  areas,  even  less  than  one  percent  of  the  total,  and  is  variable  erratically  with  time. 

Hence  among  comets  of  a common  origin  and  nature  we  may  observe  confusing  variations  in  physical, 
chemical  and  activity  characteristics,  which  may  include: 

a)  “New”  comets,  outer  frosting  of  highly  volatile  materials. 

b)  “New”  comets  blowing  off  thick  grain  mantles. 

c)  Typical  mix  of  cometesimals  and  matrix,  activity  being  highly  variable  from  area  to  area  on  the 
nucleus. 

d)  Crushed  matrix  only. 

e)  Cometesimals  only. 

f)  H20  ice  and  grain  only. 

g)  H20  ice  almost  alone. 

h)  More  volatile  ices  then  H20  along  with  variable  grain  compositions. 

The  author  finds  that  observations  of  light  curves,  of  discovery  distances  and  of  final  distances  from 
the  Sun  all  indicate  systematic  aging  of  long-period  comets  with  decreasing  period.  This  result  extends 
greatly  the  suggestions  originally  made  by  J.  Oort  and  M.  Schmidt  nearly  40  years  ago.  But  no  evidence 
yet  brings  out  or  clarifies  any  basic  generic  differences  among  old  comets,  among  new  comets  or  between 
the  two  groups.  For  short-period  comets  the  problem  is  exacerbated  by  the  failure  of  orbital  criteria 
to  measure  or  even  suggest  the  relative  “ages”  since  the  comets  were  captured  into  short-period  low- 
inclination  orbits.  Thus  suspected  effects  of  aging  are  difficult  to  relate  to  time  tables.  Rendezvous  space 
missions  or  more  sophisticated  missions  to  several  comets  may  be  needed  to  answer  questions  of  origin. 


627 


The  author  is  collating  statistics  of  cometary  properties  in  hopes  of  making  progress  in  understanding 
origins.  Of  particular  interest  are  the  directions  of  aphelia  among  long-period  comets  related  to  galactic 
coordinates  and  physical  properties.  For  example  an  elongated  cluster  of  aphelia  passing  through  the 
galactic  pole  noted  by  Delsemme  contains  relatively  fewer  comets  with  periods  less  than  104  years 
than  does  a cluster  near  the  galactic  plane  and  the  elliptic  studied  by  Biermann,  Huebner  and  Lust. 
The  latter  cluster  contains  some  unusual  comets  including  P/IIalley  (chance),  the  Kreutz  sungrazers 
(chance?),  Kohoutek  (1973X11),  C/1729  among  10  of  the  20  comets  listed  by  Marsden  as  “Great”,  and 
C/Morehouse  1908III.  The  other  cluster  seems  to  contain  no  comet  of  especial  interest. 

The  dearth  of  new  comets  having  aphelion  directions  within  10°  of  the  galactic  plane  and  around  the 
polar  regions  was  noted  by  R.  Liist  and  explained  by  several  investigators  as  resulting  from  perturbations 
perpendicular  to  the  galactic  plane  induced  by  the  corresponding  mass  density  gradient.  Of  the  17  such 
comets  having  aphelion  within  10°  of  the  galactic  plane  and  not  members  of  the  cluster  or  sungrazers, 
only  one  has  a period  exceeding  16,000  yr.  while  10  have  periods  in  the  range  103  to  104  yr.  They  show 
a systemmatic  tendency  to  move  normal  to  the  galactic  plane.  Seven  members  are  of  special  interest 
as  they  have  aphelia  at  the  intersection  of  the  galactic  and  ecliptic  planes  within  a range  of  only  10°  in 
ecliptic  longitude.  All  7 are  moving  in  direct  orbits  but  with  relatively  high  inclinations  to  the  eclintic 
( 1 3<i<79°) . 

One  asks  whether  the  tendency  for  clustering  near  the  two  intersections  of  the  galactic  and  ecliptic 
planes  is  coincidence  or  has  a generic  or  dynamic  basis.  Are  these  comets  and/or  the  other  long-period 
comets  different  physically  in  any  way  from  the  short-period  comets? 
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STUDIES  OF  THE  DYNAMICS  OF  PLANETARY  RINGS 

L.  W.  Esposito,  T.  G.  Brophy,  G.  R.  Steward  and  P.A.  Yanamandra-Fisher  (LASP,  University  of  Colorado) 

n The  Vovaeer  RSS  occultation  data  show  that  the  optical  depth  in  Janus  5:4  density  wave  decreases,  whereas 
° ITuVS T„*a.e  ,n  enhancemen,  of  opfical  deplh.  Two  different  scenarios  have  been propped Uo 
exDlain  this  observation.  At  resonance  locations,  large  particles  break  up  into  small  particles  which  ar 
transparent  to  RSS  (Esposito,  1986).  Although  the  A ring  is  relatively  free  of  dust,  there  is  a slight  increase  in 
thp  dust  content  of  the  outer  A ring  (inferred  from  Dones,  1987). 

A biomodal  size  distribution  for  particles  in  Saturn’s  rings  has  been  determined  via ^an ' 
ppc<  UVS  and  RSS  occultation  data.  The  size  distribution  is  a power  law  down  to  about  4pm  and  a ga 
Sbnilon  for  pmides  smaller  than  4 pm.  Our  resells  fo,  .he  Janus  5:4  dens,,,  wave  show  the  pan, a 
formation  of  a gap  for  both  supra-  and  sub-centimeter  sized  particles,  consistent  with  the  predictions  of 
Goldreich  and  Tremaine  (1978).,  The  number  of  sub-centimeter  sized  particles  in  the  density  wave  is  n 
SliStlJ  different  from  its  value  in  uniform  regions  of  the  rings.  Dust,  however,  is  insensitive  to  the 
resonance;  Ld  the  amount  of  dust  present  in  the  density  wave  is  nearly  twice  that  present  in  uniform  regions 

These'results  show  the  response  of  the  larger  particles  to  the  torque  deposited  by  the  density  wave  and  the  likely 
production  of  dust  due  to  enhanced  interparticle  collisions. 

Ti  A model  kinetic  equation  is  solved  numerically  for  a flattened  Keplerian  disk  using  a phase-space  fluid  method 
which  models  the^article  transport  process  as  a Markov  process.  Ringlets  composed  of  single  sized  particles  and 
rin“m^X.wo  difl&nl  sized  panicles  are  laves, igafod  The  accuracy  of  , he  new  phonal 
method  is  verified  by  close  agreement  with  the  analytical  results  of  Shu  and  Stewa  ( ), 

Tremaine  (1978)  Ward  (1981),  and  Lin  and  Bodenheimer  (1981),  and  the  simulations  of  Spaute  and  Grccnbc  g 
0988)  and  Petit  and  Hcnon  (1988).  The  generally  accepted  theory  of  viscous  spreading  (e.g.  Border.es, 
Goldreich  and  Tremaine  1984)  is  verified  for  the  special  case  of  ringlets  where  all  the  particles  are  the  same  size. 
Rin^ts^coimpo^d  of  ^wo  components  of  particle  size  evolve  in  such  a manner  that  the  lighter  particles  are 
confined  by  the  heavier  particles.  Some  implications  are  that  (1)  a natural  mechanism  maysha^nthcopuaU 
denth  orofile  of  edges  even  in  the  absence  of  an  external  forcing  mechanism  under  some  conditions  (2)  In  so 
cases  intemediate  optical  depths  are  dynamically  preferred.  (3)  Random  velocities  and  spreading  rates  are 
deDendent  on  the  distribution  of  particle  sizes.  Simulation  of  the  dominant  features  of  observed  planetary  rings 

may  have  been  excluded  b,  some  of  foe  simplifying  assumpuous  of  analyhc 

theories,  such  as  single  sized  particles  and  the  existence  of  a simple  scalar  viscosity. 

« The  Krook  kinetic  equation  formalism  of  Shu  and  Steward  (1985)  has  been  extended  to  model  the  effects  of  non- 
3)  "S:  a disUne,  mean  velocily  rclauve  fo  foe  local  circular  orb,,.  Th,s  mod, f, capon  ,s 
reauired  to  model  the  azimuthal  drift  velocities  that  result  from  density  gradients  in  non-uniform  rings. 
Although  the  drift  velocity  has  no  effect  on  rings  with  only  one  particle  size  (where  all  particles  have  the  same 
local  mean  velocity)  to  difference  in  drift  velocities  in  multi-component  systems  cause  rings  particles  to 
segregate  by  size  Second,  the  collision  operator  is  modified  to  model  the  tendency  of  collisions  to  drive  t e 
system  toward  equipartition  of  random  kinetic  energy.  The  equ.partit.on  term  has  a strong  effect  on  ht 

velocily  dispersion  of  foe  larger  panicles  and  can  enhance  foe  veloe,,, SicSsIhow 
Numerical  simulations  of  the  Krook  kinetic  equation  Brophy  and  Esposito  1988)  for  two  particle  sizes  sno 
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OUTER  SOLAR  SYSTEM  NOMENCLATURE 


Tobias  Owen,  Department  of  Earth  and  Space  Sciences, 
New  York  at  Stony  Brook,  Stony  Brook,  NY  11794 


State  University  of 


During  1988,  the  principal  activities  supported  by  this  grant 
consisted  of  meetings  in  conjunction  with  COSPAR  (July  18-22  in 
e sin  i and  the  IAU  (August  10  in  Baltimore)  to  discuss  nomenclature 
in  the  outer  solar  system.  The  meetings  were  used  primarily  to  develop 
and  discuss  banks ^ of  names  to  be  used  in  the  Neptune  system  after  the 
oyager  encounter  in  August  of  1989.  A major  issue  at  these  meetings 
was  the  continuing  effort  to  avoid  duplication  of  names.  In  particular 
names  for  new  satellites  of  Neptune  must  not  duplicate  names  of 
well  known  asteroids.  This  eliminates  the  use  of  Amphitrite,  even  though 
she  was  Neptune's  (Poseidon’s)  wife.  S 

Categories  that  have  been  accepted  are  as  follows: 

New  satellites:  Names  from  Greek  and  Roman  mythology 

associated  with  Neptune/Poseidon  and  the  oceans  in 
general . 


Surface  Features  on  Triton:  Mythical  names  associated 
with  water,  but  no  names  from  Greece  and  Rome.  E.g. 
primordial  seas,  water  creatures,  sacred  lakes  or 
rivers,  frost  deities  (non-Norse). 

The  names  in  these  categories  from  cultures  around  the  world  are 
being  proposed  and  reviewed  by  committee  members  and  will  be  applied 
during  the  Voyager  encounters.  They  will  then  be  subject  to  an 
additional  review  by  the  IAU  Working  Group  on  Planetary  and  Satellite 

Nomenclature  before  being  passed  on  to  the  IAU  Executive  Committee  for 
approval. 
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LUNAR  GEOLOGY  FROM  HIGH-RESOLUTION  LUNAR  RADAR  IMAGES 
S.  H.  Zisk,  Planetary  Geosciences,  H.I.G.,  University  of  Hawaii, 

Honolulu,  HI  96822 

Accomplishments  during  the  past  year  under  this  grant  have  been  in  three  areas: 

1.  Initial  analysis  of  new  dual-polarisation  radar  images  of  lunar  craters; 

DC-8  aircraft; 

3 Analysis  of  the  present  surface  and  geologic  history  of  the  crater  Alphonsus,  with  a view 
toward  understanding  a possible  episode  oflate  pyroclastic  volcamsm. 


I.  CRATER  STUDIES 

New  data  has  become  availabe  for  a number 

SeAtr^tobieltlX  to?  of" Caucus  last  year.  The  new  list  includes  the 
craters 


Bui  1 i aldus 
Eratosthenes 
Kepler 
Mani 1 ius 
Menelaus 
PI inius 
Theophi lus 
Tycho 


61  km 
58  km 
32  km 
39  km 
27  km 
43  km 
100  km 
85  km 


20. 7S 
14. 5N 
8.  IN 
14. 5N 
16. 3N 
15. 4N 
11. 4S 
43. 3S 


22. 2W 
ii.  m 
38. (W 
9.  IE 
16. 0E 
23. 7E 
26. 4E 
11.  W 


Earlier  measurements  also  exist  for  the  craters 


Archimedes 
Besse  1 
Copernicus 


83  km 
16  km 
93  km 


29. 7N  4.8W 
21. 8N  17. 9E 
9.7N  20. (W 


And  finally,  measurements  also  exist  for  various 
but  these  are  being  analyzed  as  a separate  project 


areas  on  the  floor 
(see  (III)  below.) 


of  the  crater  Alphonsus, 


II.  RADAR  BACKSCATTERING  THEORY 

Several  papers  have  been  written  dur  ofWanalyTisbofHthee"quad-por'  data  being 

Jet  Propulsion  Laboratory  on  the  metho  gy  j system  being  flown  on  the 

obtained  from  the  dual-polarization  quad-receiver  Jerr*^  ra^r  understand_ 

at  a c a fWincr  laboratory  Work  has  been  continuing  here  at  . , 

help  in  the  analysis  of  the  single-polarization,  dual-receiver  lunar  data. 

To  this  end,  projects  have  been  completed  on  the  geological  interpretation  of  the  existing 


633 


tic  pSrf^e^tht^lt 1 win  Mtbe  affeCtS  -CrTPrt  arif d Signal  strength'  From  a heuris- 
confirmation  app’ears  Zlf™"  b"‘  ““ 

III.  ALPHONSUS  STUDIES 

in  the  ne^srrad^e^Fig  l)  "CW  "*”**«**  ^ « clearly  delineated 

S'datf 3wiP„“dtaApri/  X" t^Ztpn'Trom  "7,°/  A'ph0nSUS'  The  °dgi- 

Haystack  Radar.  The  original  °f  ““ 

xr  xrasM:  & sar 

=„8rze  r 3 ° " 

about  40  km  N-S  (vertical  direction)  by  150  km  E-W.  image  covers 

s"  - — * - 


system  tSs.  Alph°nSUS:  two  radar  imaSes  take“  by  the  Haystack  radar 


system  during 
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